Development of Ultrasonic Devices for Microparticle and Cell Manipulation by Qiu, Yongqiang
University of Dundee
DOCTOR OF PHILOSOPHY
Development of Ultrasonic Devices for Microparticle and Cell Manipulation
Qiu, Yongqiang
Award date:
2014
Awarding institution:
University of Dundee
Link to publication
General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.
            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal
Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.
Download date: 17. Feb. 2017
DOCTOR OF PHILOSOPHY
Development of Ultrasonic Devices for
Microparticle and Cell Manipulation
Yongqiang Qiu
2014
University of Dundee
Conditions for Use and Duplication
Copyright of this work belongs to the author unless otherwise identified in the body of the thesis. It is permitted
to use and duplicate this work only for personal and non-commercial research, study or criticism/review. You
must obtain prior written consent from the author for any other use. Any quotation from this thesis must be
acknowledged using the normal academic conventions. It is not permitted to supply the whole or part of this
thesis to any other person or to post the same on any website or other online location without the prior written
consent of the author. Contact the Discovery team (discovery@dundee.ac.uk) with any queries about the use
or acknowledgement of this work.
 
 
Development of Ultrasonic Devices for 
Microparticle and Cell Manipulation 
 
 
 
 
 
 
By 
 
Yongqiang Qiu 
 
 
 
Doctoral thesis submitted in fulfilment of the requirements for the 
degree of Doctor of Philosophy to the School of Engineering, Physics 
and Mathematics, University of Dundee, Scotland, UK 
 
June 2014 
I 
 
DECLARATION 
 
I, Yongqiang Qiu, hereby declare that this thesis entitled, “Development of 
Ultrasonic Devices for Microparticle and Cell Manipulation”, submitted to 
University of Dundee for the degree of Doctor of Philosophy represents my own 
work. All references cited have been consulted by me; no part of the work referred to 
in this thesis has been supported in application of another degree or qualification of 
this university or any other university or institute of learning. 
 
 
 
 
 
 
 
 
 Signature:                                                                      Date:  
 
 
II 
 
CERTIFICATE 
 
 
This is to certify that Mr. Yongqiang Qiu has done this research under my 
supervision and complied with all the requirements for the submission of this Doctor 
of Philosophy thesis to the University of Dundee.  
 
 
 
 
                      
 
 
Signature:                                                                      Date:  
 
 
III 
 
TABLE OF CONTENTS 
 
DECLARATION ........................................................................................................ I 
CERTIFICATE ......................................................................................................... II 
TABLE OF CONTENTS ........................................................................................ III 
LIST OF FIGURES ............................................................................................... VII 
LIST OF TABLES .............................................................................................. XVII 
ACKNOWLEDGMENTS ................................................................................ XVIII 
GLOSSARY .......................................................................................................... XIX 
ABSTRACT ......................................................................................................... XXII 
Chapter 1 INTRODUCTION .............................................................................. 1 
1.1 Overview of Ultrasonic Manipulation ...................................................... 1 
1.2 Motivation and Objectives ........................................................................ 2 
1.3 Collaboration Project - Sonotweezers ...................................................... 3 
1.4 Thesis Structure ......................................................................................... 3 
1.5 Contributions to Knowledge ..................................................................... 4 
1.6 List of Publications ..................................................................................... 5 
Chapter 2 LITERATURE REVIEW: PARTICLE MANIPULATION 
TECHNOLOGIES ..................................................................................................... 9 
2.1 Introduction ................................................................................................ 9 
2.2 Direct Mechanical Contact Manipulation Technologies ........................ 9 
2.2.1 Micropipette Aspiration ........................................................................... 9 
2.2.2 Atomic Force Microscopy ...................................................................... 11 
2.2.3 Micro-grippers ........................................................................................ 12 
2.3 Contactless Manipulation Technologies ................................................. 13 
2.3.1 Hydrodynamic Methods ......................................................................... 13 
2.3.2 Magnetic Tweezers ................................................................................ 16 
2.3.3 Dielectrophoresis and Electrophoresis ................................................... 17 
2.3.4 Optical Tweezers .................................................................................... 19 
2.3.5 Ultrasonic Manipulation ......................................................................... 22 
2.4 Conclusions ............................................................................................... 29 
IV 
 
Chapter 3 THEORY OF ULTRASOUND AND ULTRASONIC STANDING 
WAVE MANIPULATION ...................................................................................... 33 
3.1 Introduction .............................................................................................. 33 
3.2 Ultrasound ................................................................................................ 33 
3.2.1 Ultrasonic Waves ................................................................................... 33 
3.2.2 Reflection and Transmission .................................................................. 36 
3.2.3 Attenuation ............................................................................................. 38 
3.3 Ultrasonic Standing Wave Manipulation ............................................... 39 
3.3.1 Ultrasonic Standing Waves .................................................................... 39 
3.3.2 Ultrasonic Radiation Forces ................................................................... 41 
3.4 Ultrasonic Transducers and Arrays ....................................................... 47 
3.4.1 Piezoelectricity ....................................................................................... 47 
3.4.2 Ultrasonic Transducers ........................................................................... 48 
3.4.3 Ultrasonic Transducer Arrays ................................................................ 51 
3.5 Bulk Ultrasonic Standing Wave Manipulation Devices ....................... 53 
3.6 Discussion .................................................................................................. 55 
3.6.1 Consideration of Real Field Geometry .................................................. 55 
3.6.2 Other Effects Introduced by Ultrasound ................................................ 57 
3.7 Conclusions ............................................................................................... 62 
Chapter 4 MATERIALS .................................................................................... 64 
4.1 Introduction .............................................................................................. 64 
4.2 Piezoelectric Materials ............................................................................. 64 
4.2.1 Piezoceramics ......................................................................................... 65 
4.2.2 Piezopolymers ........................................................................................ 68 
4.2.3 Piezocrystals ........................................................................................... 68 
4.2.4 Piezocomposites ..................................................................................... 72 
4.3 Passive Materials in USW Manipulation Devices ................................. 76 
4.3.1 Passive Materials Used in Transducers or Arrays .................................. 76 
4.3.2 Passive Materials Used for Reflectors, Carriers and Spacers ................ 78 
4.4 Conclusions ............................................................................................... 79 
Chapter 5 METHODS ....................................................................................... 82 
5.1 Introduction .............................................................................................. 82 
5.2 Manufacturing Methods .......................................................................... 83 
V 
 
5.2.1 Conventional Fabrication Methods ........................................................ 83 
5.2.2 Piezocomposite Fabrication Methods .................................................... 89 
5.2.3 Thick Film and Thin Film Technologies ............................................... 91 
5.3 Characterisation and Testing Methods .................................................. 95 
5.3.1 Electrical Impedance Spectroscopy ....................................................... 95 
5.3.2 Laser Vibrometry ................................................................................... 96 
5.3.3 Acoustic Pressure Measurement ............................................................ 97 
5.3.4 Thermal Imaging .................................................................................... 98 
5.3.5 Optical Microscopy ................................................................................ 99 
5.4 Device Configurations and Experimental Evaluation Methods ........ 100 
5.4.1 Single Element High Frequency Ultrasound Resonators ..................... 100 
5.4.2 1-D Ultrasonic Array Lateral Manipulation Devices ........................... 103 
5.4.3 2-D Thick Film PZT Matrix Array Manipulation Devices .................. 107 
5.5 Conclusions ............................................................................................. 109 
Chapter 6 VIRTUAL PROTOTYPING ......................................................... 110 
6.1 Introduction ............................................................................................ 110 
6.2  Single Element High Frequency Ultrasound Resonator .................... 111 
6.2.1 SPR-Chamber ....................................................................................... 111 
6.2.2 SPR-Capillary ...................................................................................... 122 
6.2.3 SFR ....................................................................................................... 126 
6.3 1-D Array Lateral Manipulation Device .............................................. 130 
6.4 2-D Matrix Array Manipulation Device .............................................. 137 
6.5 Discussion and Conclusions ................................................................... 142 
Chapter 7 RESULTS AND DISCUSSION .................................................... 144 
7.1 Introduction ............................................................................................ 144 
7.2  Single Element High Frequency Ultrasound Resonators .................. 145 
7.2.1 SPR-Chamber ....................................................................................... 145 
7.2.2 SPR-Capillary ...................................................................................... 154 
7.2.3 SFR ....................................................................................................... 159 
7.2.4 Discussion ............................................................................................ 164 
7.3 1-D Array Lateral Manipulation Devices ............................................ 166 
7.3.1 12-element Array Device Based on PZ26 Bulk Material .................... 166 
VI 
 
7.3.2 30-element Array Device Based on 1-3 PMN-PT Piezocomposite ..... 171 
7.3.3 Discussion ............................................................................................ 177 
7.4 2-D Matrix Array Manipulation Device .............................................. 178 
7.4.1 Fabrication ............................................................................................ 178 
7.4.2 Electrical Impedance Spectroscopy ..................................................... 180 
7.4.3 Laser Vibrometry ................................................................................. 183 
7.4.4 Microparticle Manipulation Evaluation ............................................... 184 
7.4.5 Discussion ............................................................................................ 186 
7.5 Conclusions ............................................................................................. 187 
Chapter 8 CONCLUSIONS AND OUTLOOK ............................................. 189 
8.1 Conclusions ............................................................................................. 189 
8.1.1 Generation of High Amplitude Acoustic Radiation Forces ................. 190 
8.1.2 Precise Ultrasonic Manipulation in Multiple Dimensions ................... 191 
8.1.3 Manufacture of USW Manipulation Devices with Thick Film 
Technology ....................................................................................................... 192 
8.2 Outlook .................................................................................................... 192 
8.2.1 Modelling ............................................................................................. 192 
8.2.2 Force Calculation and Calibration ....................................................... 193 
8.2.3 Preliminary Results from Other Potential Devices .............................. 194 
References ............................................................................................................... 198 
Appendix A ............................................................................................................. 217 
Appendix B ............................................................................................................. 219 
Appendix C ............................................................................................................. 220 
Appendix D ............................................................................................................. 221 
Appendix E ............................................................................................................. 224 
Appendix F .............................................................................................................. 228 
 
VII 
 
LIST OF FIGURES  
 
Figure 2.1	   Schematic of micropipette aspiration ................................................. 10	  
Figure 2.2	   Sequence of a mouse embryonic fibroblast cell (NIH3T3) being 
aspirated into a micropipette at times 0 s, 100 s and 200 s .. ............................. 10	  
Figure 2.3	   Schematic diagram of atomic force microscopy ................................ 11	  
Figure 2.4	   Schematic illustrating the process of particle manipulation using 
AFM  ............................................................................................................ 12	  
Figure 2.5	   Integrating electrodes on an AFM tip to generate a negative 
dielectrophoresis trapping site (the green spot in the left figure) for particle 
manipulation (Brown and Westervelt, 2011). .................................................... 12	  
Figure 2.6	   Photos showing a wide range of applications of micro-grippers (All 
scale bars 500 µm) ............................................................................................. 13	  
Figure 2.7	   (a) Schematic diagram of hydrodynamic focusing, (b) hydrodynamic 
focusing of IPA by buffer streams: (1) white light image, (2) fluorescence 
image of DiIC18 in IPA stream and (3) carboxy-fluoresce in buffer streams. .. 14	  
Figure 2.8	   (a) Scanning electron micrograph image of the small cell traps of the 
cell fusion device (Scale bar 20 µm). (b) Schematics and micrographs of three 
steps of cell-loading protocol: Step-1, first type of cells is loaded ‘up’ toward 
the smaller back-side capture cups; Step-2, reversing the flow direction, the 
cells are transferred ‘down’ into the larger front-side capture cups; Step-3, the 
second type of cells is loaded into the larger front-side capture cups.  .............. 14	  
Figure 2.9	   A hydrodynamic trap is created by two planar extensional flows into 
the junction of two perpendicular channels; the trap can be manipulated by 
changing the flow field. ...................................................................................... 15	  
Figure 2.10	   Polystyrene microspheres are trapped in steady streaming eddies 
generated by the geometry of a microfluidic device (scale bar 50 µm). ........... 15	  
Figure 2.11	   Topographical imaging of membrane of human breast cancer cells by 
AFM. The cells were incubated on collagen-coated coverslips after treatment 
with multi-walled carbon nanotubes. ................................................................. 16	  
Figure 2.12	   (a) Schematic diagram of the microelectromagnet matrix before 
attaching the microfluidic channel; (b) micrograph of a fabricated matrix with 
10 × 10 matrix Au wires; (c) transportation, separation and rotation of cells with 
microelectromagnet matrix device. .................................................................... 17	  
Figure 2.13	   Particles are subjected to different electric fields: (a) a dielectric 
particle experiences no net force in a uniform electric field; (b) a charged 
particle experiences a force in a uniform electric field and moves towards one 
electrode; (c) a dielectric particle experiences p-DEP and moves towards the 
region of higher electric field in a non-uniform field; (d) a dielectric particle 
experiences n-DEP and moves away from the high electric field.  ................... 18	  
VIII 
 
Figure 2.14	   Three-dimensional caging of a biological cell using n-DEP with eight 
electrodes. The top four electrodes are the dark areas in the figure (Reichle et 
al., 1999). ............................................................................................................ 19	  
Figure 2.15	   Ray optics description of the gradient force on a dielectric particle. 
The figure is based on the schematic illustration in  .......................................... 20	  
Figure 2.16	   (a) Separation of same-sized (Ø2 µm) polymer and silica spheres in 
water through the optical lattice (body-centred tetragonal, b.c.t.) by index of 
refraction (MacDonald et al., 2003); (b) Nanowire junctions and assemblies 
built using optical trapping  ................................................................................ 21	  
Figure 2.17	   Illustration of acoustic radiation forces on (a) a stiff and heavy 
particle and (b) a flexible and light particle in an inhomogeneous acoustic field. 
<p2> indicates the energy density, black arrows show the directions of the 
momentum transfer and the large arrow show the net force results in a motion 
of the particles. ................................................................................................... 22	  
Figure 2.18	   (a) Kundt's tube apparatus, (b) the powder patterns created in Kundt’s 
tube.   ............................................................................................................ 23	  
Figure 2.19	   Tree chart of ultrasound applications ................................................. 24	  
Figure 2.20	   The first reported ultrasonic diagnosis of early pregnancy, uterus at 14 
weeks. The scan was taken one inch above the pubic bone. The shape in the left 
part of the large cystic cavity is an early foetus.  ............................................... 25	  
Figure 2.21	   Ultrasonically induced red blood cell stasis in the blood vessel of live 
chick embryos .................................................................................................... 26	  
Figure 2.22	   Ultrasound separation of human lipid particles (white) from human 
erythrocytes (red) at the trifurcation chip  .......................................................... 27	  
Figure 2.23	   Methods used in ultrasound particle manipulation ............................ 28	  
Figure 2.24	   (a) A schematic diagram of cell immobilization system; (b) a 
fabricated 200 MHz ZnO transducer; (c) an example of manipulation of 
individual cell with high frequency focused ultrasound beam. .......................... 29	  
Figure 3.1	   Schematic diagrams of (a) a medium separated by small medium 
particles, (b) a longitudinal wave and (c) a shear wave propagating to the right 
(arrows). The bold lines indicate the planes of zero displacement.  .................. 34	  
Figure 3.2	   Acoustic waves are reflected at large, smooth interfaces and scattered 
by irregular interfaces and small targets, (a) a large smooth interface, (b) a large 
irregular interface and (c) a small target. ........................................................... 37	  
Figure 3.3	   Typical cases of reflection and transmission of acoustic waves at 
interfaces between solids, liquids and gases. L - longitudinal waves; S - shear 
waves and SH - shear horizontal waves. ............................................................ 37	  
Figure 3.4	   Acoustic pressure field of an ultrasound standing wave (blue), formed 
by a transmitted ultrasound (solid yellow line) and its in-phase reflection 
(broken red line). ................................................................................................ 40	  
IX 
 
Figure 3.5	   Schematic diagrams of primary radiation force (FPRF, red arrows) and 
secondary radiation forces (FSRF, brown dotted arrows) on three stiff and heavy 
spheres in a fluid medium subject to an ideal 1-D ultrasound field, (a) particles 
move towards pressure nodal plane by large FPRF, (b) FPRF decrease and FSRF 
increase during the movement, and (c) an agglomerate is formed and trapped in 
pressure nodal plane. The lengths of the arrows are adjusted for clarity and 
omitted in the agglomerate. ................................................................................ 41	  
Figure 3.6	   Plot of ФY = 0 as a function of density and compressibility ratios 
between spheres and fluid. ................................................................................. 44	  
Figure 3.7	   The secondary radiation forces on the bubbles and cells in a fluid 
subject to an ultrasound standing wave. ............................................................. 47	  
Figure 3.8	   Illustrations of direct and converse piezoelectric effects: (a) a piece of 
poled piezoelectric material; (b) by compressing the material, a voltage is 
generated with a polarity the same as the poling voltage; (c) by stretching the 
material, a voltage is generated with a polarity opposing the poling voltage; (d) 
the material is lengthened by applying a voltage with the same polarity as the 
poling voltage; and (e) the material is shortened by applying a voltage with 
opposite polarity to the poling voltage. .............................................................. 48	  
Figure 3.9	   Schematic diagram of a piezoelectric ultrasonic transducer .............. 49	  
Figure 3.10	   Resonant and antiresonant frequencies of a piezoelectric material 
shown in an impedance spectrum ...................................................................... 49	  
Figure 3.11	   A cross section of the acoustic field of a plane piezoelectric ultrasonic 
transducer. .......................................................................................................... 51	  
Figure 3.12	   Examples of the geometries of transducer arrays: (a) 1-D linear array, 
(b) circular or curved array, (c) annular array, (d) 1.x-D array, and (e) 2-D array 
  ............................................................................................................ 51	  
Figure 3.13	   Skematic diagram of  (a) electronic scanning of 1-D linear arrays, (b) 
electronic focusing and steering of 1-D phased linear arrays ............................ 52	  
Figure 3.14	   Three common configurations of the particle manipulation devices 
based on bulk USWs, (a) multilayer resonant structure, (b) counter-propagating 
structure, and (c) the Lund method. ................................................................... 54	  
Figure 3.15	   (a) Schlieren images of pressure field modification, and (b) 
photographs of trapped particle agglomerates, achieve by tuning the relative 
phase, ΔФ, of two opposing ultrasound waves .................................................. 54	  
Figure 3.16	   Illustration of particle separation in the Lund method. (a) Particles are 
separated by the acoustic radiation forces; (b) separated particles are collected 
by different outlets. ............................................................................................ 55	  
Figure 3.17	   Overview of the temperature dependence of different observed 
bioeffects for human and mammalian cells ....................................................... 58	  
Figure 3.18	   Three types of acoustic streaming: (a) Eckart streaming, (b) Rayleigh 
and   Schlichting streaming. The black arrows indicate the streaming directions. 
  ............................................................................................................ 59	  
X 
 
Figure 3.19	   Ultrasound cavitation produced in water by a focused ultrasound 
transducer  .......................................................................................................... 61	  
Figure 4.1	   Angle between quasi-longitudinal wave displacement vector and the 
plate normal, φ, and effective coupling factors, keff, for rotated Y-cut of LNO. 69	  
Figure 4.2	   (a) d33  and (b) k33 of relaxor-PT crystals, compared to polycrystalline 
ceramics as function of Curie tempera- ture ...................................................... 70	  
Figure 4.3	   Typical connectivity structures of (a) 2-2 piezocomposite and (b) 1-3 
piezocomposite. .................................................................................................. 72	  
Figure 4.4	   Influence of the VF of PZ26 and PMN-PT on (a) piezoelectric 
coupling coefficient, (b) effective acoustic impedance, (c) elastic stiffness at 
constant electric field, (d) elastic stiffness at constant displacement, (e) 
piezoelectric stress constant, (f) density, (g) relative dielectric constant, and (h) 
effective velocity of 1-3 piezocomposite of PZ26 and PMN-PT with Epofix 
(Struers Ltd. UK), respectively. ......................................................................... 75	  
Figure 5.1	   Schematic diagram of the mechanical lapping and polishing system.  .. 
  ............................................................................................................ 83	  
Figure 5.2	   The representative roughnesses of a Y-36˚ cut LNO sample after (a) 
lapping and (b) polishing, respectively. ............................................................. 84	  
Figure 5.3	   Illustration of the interior of the MicroAce 66 dicing saw during 
operation. ............................................................................................................ 85	  
Figure 5.4	   A fPCB with exposed 100 µm Cu tracks for connection to the 
elements of  a 1-D linear array, (a) design, and (b) manufactured sample. ....... 88	  
Figure 5.5	   An interconnection method for a 1-D linear array. (a) Align fPCB to 
the edge of the piezoelement and affix on the substrate; (b) connect the exposed 
Cu tracks to the piezoelement with Ag epoxy; (c) define each element by 
scratch-dicing through each gap between two electrical tracks, Ag epoxy and 
the electrode on the piezoelement. ..................................................................... 88	  
Figure 5.6	   The results of dicing PMN-PT with different BFR and SS: (a) all 
pillars fall down; (b) all pillars are upstanding but with large chipping; (c) 
chipping is reduced; (d) only occasional chippings exists. Pitch = 105 µm. ..... 90	  
Figure 5.7	   PMN-PT pillars after finishing (a) first pass and (b) second pass of 
dicing. Pitch = 105 µm. ..................................................................................... 91	  
Figure 5.8	   The process of screen-printing: (a) spread material paste on a mask 
with a desired patterned; (b) press the mask down onto the substrate with a 
squeegee; (c) squeeze the material through the mask onto the substrate and 
remove excess material; (d) after lifting the squeegee, the material is printed on 
the substrate with the desired pattern. ................................................................ 93	  
Figure 5.9	   Schematic cross section of a diaphragm PMUT ................................ 94	  
Figure 5.10	   Illustration of electrical impedance analyser with test fixture ........... 95	  
Figure 5.11	   The components of a UHF-120 ultra-high frequency vibrometer 
(Polytec GmbH, Waldbronn, Germany) ............................................................ 97	  
XI 
 
Figure 5.12	   The experimental setup for the measurement of acoustic pressure .... 98	  
Figure 5.13	   The experimental setup for thermal imaging ..................................... 99	  
Figure 5.14	   Two standard compound microscopes: (a) upright microscope and (b) 
inverted microscope. Both are compatible with bright-field and fluorescence 
microscopy. The red and blue arrows show the light paths for trans-illumination 
and epi-illumination microscopy, respectively. ................................................. 99	  
Figure 5.15	   Planar ultrasound resonator – chamber configuration ..................... 101	  
Figure 5.16	   Planar ultrasound resonator – capillary configuration ..................... 102	  
Figure 5.17	   Curved focused ultrasound resonator ............................................... 103	  
Figure 5.18	   Ultrasonic particle manipulation with a transducer array integrated 
multilayer resonator: (a) a USW is generated between an ultrasonic transducer 
array and a reflector; (b) particles in the fluid layer move towards the pressure 
nodal plane; (c, d) reducing the number of the active elements of the array, 
lateral acoustic energy density gradients move the particles above the middle of 
the active elements; (e, f) switching the active elements moves the trapped 
particles along the fluid channel. ..................................................................... 104	  
Figure 5.19	   Cross-sectional diagram of a quarter of a scratch-diced 1-D ultrasonic 
transducer array coupled to a glass capillary ................................................... 105	  
Figure 5.20	   Two electrode configurations of 1-D linear array based on a 
piezocomposite give the same effective volume of the piezoelectric material: (a) 
oblique angle oriented electrodes, (b) full-coverage aligned electrodes .......... 107	  
Figure 5.21	   Cross-sectional diagram of a quarter of a multilayer USW 
manipulation device with a screen-printed thick film PZT 2-D matrix array. . 108	  
Figure 6.1	   ODM modelling results for Y-36˚ cut LNO transducer with different 
LNO thicknesses: (a) representative impedance spectra, (b) resonant and anti-
resonant frequencies and impedance magnitudes varying close to linearly with 
LNO thickness. ................................................................................................. 112	  
Figure 6.2	   Electrical impedance spectra for different layer configurations: (a) 
magnitude and (b) phase. ................................................................................. 113	  
Figure 6.3	   Comparison of the impedance magnitude spectra of the transducer 
and the resonator modelled by ITM-KLM and ODM. ..................................... 114	  
Figure 6.4	   The acoustic energy densities of the resonator with different water 
thickness vary with excitation frequency. Input voltage = 10 Vpp. .................. 115	  
Figure 6.5	   The pressure amplitude distributions across the thickness of the 
resonant structures of different water thicknesses: (a) 0.5 mm and (b) 2 mm. 
Input voltage = 10 Vpp. ..................................................................................... 116	  
Figure 6.6	   Maximum acoustic pressures of the USW and time-averaged primary 
radiation forces on a Ø10µm polystyrene sphere with varying water thickness. 
Input voltage = 10 Vpp. ..................................................................................... 117	  
Figure 6.7	   The pressure amplitude distribution through the thickness of a 2 mm 
water layer with a Q-factor of 1000. Input voltage = 10 Vpp. .......................... 117	  
XII 
 
Figure 6.8	   PZFlex model of SPR-Chamber with assigned materials and 
boundary conditions. ........................................................................................ 118	  
Figure 6.9	   (a) Ring down of the piezoelectric charge during the model runtime; 
(b) the impedance magnitude, (c) impedance phase and (d) the pressure 
response at 12 different positions through the water layer of the model. ........ 119	  
Figure 6.10	   Normalised (a) pressure and (b) velocity fields of the model at the 
frequency of maximum pressure response, 22.8 MHz. .................................... 120	  
Figure 6.11	   Normalised (a) pressure and (b) velocity distributions through the 
water layer, varying with the ultrasound phase. ............................................... 120	  
Figure 6.12	   (a) A PZFlex model of SPR-Chamber with air on Y-max boundary, 
(b) varying pressure field and (c) velocity field in the water layer. ................. 121	  
Figure 6.13	   PZFlex model of SPR-Capillary with assigned materials and 
boundary conditions ......................................................................................... 122	  
Figure 6.14	    (a) The impedance magnitude of the SPR-Capillary model, (b) 
normalised pressure spectrum at the mid-point of the water channel. ............. 123	  
Figure 6.15	   Normalised (a) pressure and (b) velocity in the water channel of the 
capillary at different driven frequencies with 1 Vp input. ................................ 124	  
Figure 6.16	   The maximum pressure amplitudes generated in the water channel of 
the capillary with different couplant materials at different response frequencies 
with 1Vp input. ................................................................................................. 125	  
Figure 6.17	   (a) A PZFlex model of the SFR with assigned materials and boundary 
conditions; (b) the assigned electrodes and radial poling directions of the 
quarter-ring transducer ..................................................................................... 126	  
Figure 6.18	   (a) The impedance magnitude of the quarter-ring transducer of the 
SFR; (b) the pressure spectrum at the focal point of the transducer ................ 127	  
Figure 6.19	   (a) The pressure field, (b) Z-velocity field and (c) X-velocity field of 
the SFR at the fundamental resonant frequency of 3.93 MHz. ........................ 128	  
Figure 6.20	   The pressure, Z-velocity and X-velocity fields of the SFR at (a) the 
3rd harmonic resonant frequency, 13.54 MHz, and (b) the 5th harmonic resonant 
frequency, 22.49 MHz. ..................................................................................... 129	  
Figure 6.21	   3-D PZFlex model of 1-3 piezocomposite ....................................... 130	  
Figure 6.22	   Impedance magnitude and phase of a 1-3 PMN-PT composite with 
450 µm thickness. Red circle indicates the inter-pillar resonances well separated 
from the fundamental resonance frequency range. .......................................... 131	  
Figure 6.23	   2-D PZFlex models of the 1-D array lateral manipulator, (a) XZ-
plane, each PZ26 pillar indicates one array element, and (b) YZ-plane, 30 PZ26 
pillars indicate one array element. ................................................................... 132	  
Figure 6.24	   (a) The impedance magnitude and (b) the pressure spectra at the 
centre point of the water layer in the XZ-plane and YZ-plane models ............ 132	  
XIII 
 
Figure 6.25	   Pressure fields of (a) XZ-plane, and (b) YZ-plane when all 30 pillars 
of the piezocomposite are driven at the frequencies at which peak responses are 
observed.  .......................................................................................................... 133	  
Figure 6.26	   Pressure distributions of the 1-D array lateral manipulator under 
different operating conditions: (a) all 30 elements active, (b) 15 elements active, 
and (c-e) sets of 3 elements active, shifted along the channel. The elements are 
driven at f2. Each field is individually normalised to its own maximum 
amplitude in the water layer. Red arrows indicate the active elements. .......... 135	  
Figure 6.27	   Velocity distributions of the 1-D array lateral manipulator under 
different operating conditions: (a) all 30 elements active, (b) 15 elements active, 
and (c-e) sets of 3 elements are active, shifted along the channel. The elements 
are driven at f2. Each field is individually normalised to its own maximum 
amplitude in the water layer. Red arrows indicate the active elements. .......... 136	  
Figure 6.28	   2-D PZFlex model of one element of the 2-D matrix array 
manipulator ...................................................................................................... 138	  
Figure 6.29	   Electric impedance magnitude and phase of (a, b) thick film PZ5100 
layer with Au electrodes, (c, d) PZ5100 on Al2O3 substrate, (e, f) PZ5100 with 
Al2O3, a 100 µm (λw/2) water layer, and a 100 µm glass reflector; and (g, h) 
PZ5100 with Al2O3, a 6000 µm (30λw) water layer, and a 100 µm glass 
reflector.  .......................................................................................................... 139	  
Figure 6.30	   Acoustic pressure through the thickness of all layers of the complete 
device under 1 Vp excitation, (a) transducer with half wavelength water, (b) 
transducer with 30 wavelengths water. ............................................................ 139	  
Figure 6.31	   Maximum acoustic pressure in water layer and maximum time-
averaged primary radiation force on an Ø10µm glass sphere with 1 Vp 
excitation .......................................................................................................... 140	  
Figure 6.32	   Structure of 3-D FEA models of 2-D thick film array resonator ..... 141	  
Figure 6.33	   Normalised pressure distribution near (a) the nodal and (b) anti-nodal 
planes in the water layer of the 2-D array with all 36 elements active. ........... 141	  
Figure 7.1	    (a) Two diced, lapped and polished LNO plates, (b) two transducers 
with GMB-loaded-Epofix mounting, (c) a high frequency transducer deposited 
Ti/Au, and (d) an assembled prototype device. ................................................ 146	  
Figure 7.2	   The measured (solid line) and ODM modelled (dashed line) 
impedance spectra of the transducer in air ....................................................... 146	  
Figure 7.3	   Impedance spectra of the transducer in water in free-field conditions 
(dashed line) and in the resonant device with reflector in place (solid line). ... 147	  
Figure 7.4	   Trapping performances of a USW manipulation device after (a) 
microscope visual alignment, (b) cepstrum assisted alignment. ...................... 148	  
Figure 7.5	   The input voltage and displacement response of the transducer in the 
sweep frequency range 20 – 30 MHz ............................................................... 149	  
Figure 7.6	   The displacement profile of the front surface of a 2 × 5 mm2 LNO 
transducer at 23.3 MHz .................................................................................... 149	  
XIV 
 
Figure 7.7	   The acoustic pressure output from the transducer under different input 
voltages.  .......................................................................................................... 150	  
Figure 7.8	   Ø10 µm polystyrene beads trapped in an USW field. The transducer 
was driven with sinusoidal CW signal of 10 Vpp. The transducer was above and 
the reflector below each image. Scale bar = 100 µm. ...................................... 151	  
Figure 7.9	   Process flow of particle tracking and velocity analysis. The transducer 
was on the left of each image in (I), (II) and (III). ........................................... 152	  
Figure 7.10	   (a) The calculated x-velocity and Stokes drag force for each 
individual particle through the video frame, (b) a histogram of the maximum 
forces on the analysed particles. ....................................................................... 152	  
Figure 7.11	   Manipulation of Ø10 µm polystyrene beads in the device with a 10 
Vpp 23.3 MHz sinusoidal wave with a 50% duty cycle and burst length of 100 
cycles. The transducer was above and the reflector below each image. Scale bar 
= 100 µm. ......................................................................................................... 153	  
Figure 7.12	   Assembled SPR-Capillary device .................................................... 154	  
Figure 7.13	   (a) A thermal image of the resonant device, (b) temperature change at 
a point on the capillary adjacent to the transducer. .......................................... 155	  
Figure 7.14	   (a) Temperature increase under different driving conditions, (b) 
maximum temperature increase shown proportional to voltage squared and duty 
cycle.  .......................................................................................................... 156	  
Figure 7.15	   Ø1 µm fluorescent polystyrene beads trapped in an USW field, (a) 
power off, (b) power on, and (c) magnification of (b). The transducer was 
driven with 5 Vpp CW signal at 24.60 MHz. Scale bar = 50 µm. .................... 157	  
Figure 7.16	   The estimated maximum acoustic radiation forces on Ø10 µm 
fluorescent polystyrene beads at different input voltages. ............................... 158	  
Figure 7.17	   Polar plots of cell motility inside the SPR-Capillary device (a) 
without and (b) with the presence of USW. Arrows indicate the direction of 
ultrasound propagation. Scale bar = 100 µm. .................................................. 159	  
Figure 7.18	   (a) A fabricated PZ26 quarter-ring focused transducer with GMB-
loaded-Epofix backing, and (b) the impedance magnitude and phase of the 
transducer measured in water. .......................................................................... 160	  
Figure 7.19	   Image sequences of the acoustic radiation forces acting on the 
agglomerate at the focal spot of the SFR transducer. Scale bar = 100 µm. ..... 161	  
Figure 7.20	   Image sequences of the transportation of the trapped agglomerate by 
moving the SFR transducer in the direction of X-axis. Scale bar = 100 µm. .. 162	  
Figure 7.21	   Image sequences of the formation of an agglomeration of cells in the 
SFR device. The diameter of circle at the top-left corner of each image is 10 
µm. The filled circle denotes that the SFR device was turned on. ................... 163	  
Figure 7.22	   Dictys lost vitality and lined up in a USW field after long operation. ... 
  .......................................................................................................... 165	  
XV 
 
Figure 7.23	   Schematic diagram of array fabrication process. (a) GMB-loaded 
Epofix is cast onto a piezoelectric element and (b) lapped to the desired 
thickness. (c) Ag electrodes are painted on the plate surfaces and (d) connected 
to a PCB with conductive epoxy. (e) The array elements are defined by scratch-
dicing.  .......................................................................................................... 167	  
Figure 7.24	   (a) The back face of the fabricated array with PCB for electrical 
connections, (b) the assembled device in a housing with a capillary fluid 
channel  .......................................................................................................... 168	  
Figure 7.25	   (a) The impedance magnitude and (b) phase of the 12 elements of the 
array  .......................................................................................................... 169	  
Figure 7.26	   Microscope images of an agglomerate of Ø10 µm fluorescent 
polystyrene beads moved along the length of the capillary by altering the 
activated elements in the array. ........................................................................ 170	  
Figure 7.27	   (a) 1-3 PMN-PT piezocomposite embedded in GMB-loaded-Epofix, 
(b) the fabricated 1-D 30-element array, (c) the assembled device in a housing 
with a capillary fluid channel. .......................................................................... 172	  
Figure 7.28	   (a) The impedance magnitude and (b) phase of the 1-3 PMN-PT 
piezocomposite (No.0, blue curves) and all 30 elements of the 1-D array (No.1 
– No.30).  .......................................................................................................... 173	  
Figure 7.29	   An agglomerate formed by activating three adjacent elements of the 
array is transported along the length of the capillary channel by altering the 
activated elements with a step size of one element. Scale bar = 100 µm. ....... 176	  
Figure 7.30	   A four-quadrant acoustic streaming pattern occurs during the 
formation of a beads agglomerate: (a) microscope image showing the original 
positions of the agglomerate and other beads (bright green), and (b) the motion 
trajectory of the beads (red) effected by the streaming in 3 s. A set of three 
elements was active at 20 Vpp. Scale bar = 100 µm. ........................................ 176	  
Figure 7.31	   Fabrication sequence for PZT thick film array: (a) completed bottom 
Au electrode on an Al2O3 substrate; (b) 36 elements of net-shape thick film PZT 
on top of the bottom electrode; (c) top Au electrode on top of the PZT; (d) 
dielectric insulation layer; and (e) final electrode fan-out interconnection layer. . 
  .......................................................................................................... 180	  
Figure 7.32	   Measured electrical impedance (a) magnitude and (b) phase of all 36 
elements of the 2-D thick film PZT matrix array ............................................. 181	  
Figure 7.33	   Electrical impedance magnitude of array elements grouped by the 
layer configuration and position in the array, denoted by shaded boxes. ........ 182	  
Figure 7.34	   Vibration profile of the thick film array with (a) one element activated 
and (b) four elements activated with 10 Vpp CW sinusoidal signals at  f = 7.425 
MHz.  .......................................................................................................... 183	  
Figure 7.35	   Top-view image sequences of microspheres being trapped and 
agglomerated in the pressure nodes in the capillary. Scale bar = 200 µm. ...... 185	  
XVI 
 
Figure 7.36	   Top-view image sequences of manipulation of trapped agglomerate 
by shifting the driving frequency. Scale bar = 200 µm. ................................... 185	  
Figure 7.37	   Trapping with four central elements: (a) experimental set-up and a 
schematic diagram of the resonant device, (b) a photograph of four trapped 
agglomerates, and (c) a microscope image of one of the trapped agglomerates.   . 
  .......................................................................................................... 186	  
Figure 8.1	   Faxen’s correction relates to the relative proximity of the trapped 
particle to the nearby surface. .......................................................................... 194	  
Figure 8.2	   PZFlex simulation results of crossed-electrode arrays with different 
active electrode patterns, (a) one active row of elements, (b) one active element, 
(c) two active elements in the same row, and (d) four active elements. .......... 195	  
Figure 8.3	   Prototype screen-printed thick film crossed-electrode arrays: (a) array 
design and (b) fabricated array. ........................................................................ 196	  
Figure 8.4	   (a) A 4-inch wafer with multiple PMUT dies with different diameter 
diaphragms, (b) three PMUT arrays on one die, (c) each element of a PMUT 
arrays consisting of ten diaphragms, and (d) three packed devices. ................ 196	  
Figure 8.5	   The pulse bandwidths of different PMUT array elements measured by  
(a) catch-mode and (b) pitch-mode experiments with commercial transducers. 
The elements of the array are denoted by “E” with an index number, e.g. E1 = 
element 1; 8E denotes 8 adjacent elements connected. .................................... 197	  
 
 
XVII 
 
LIST OF TABLES  
 
Table 2.1	   Key capabilities of the major contactless micromanipulation techniques . 
  ................................................................................................................ 30	  
Table 3.1	   Characteristic acoustic impedances of various materials ....................... 36	  
Table 3.2	   Comparison of the acoustic contrast factors defined by King, Yosioka 
and Kawasima, and Doinikov with some examples of glass and polystyrene 
spheres of radius, a= 5 and 10 µm, in water subject to 1 MHz plane USWs, 
respectively. ....................................................................................................... 62	  
Table 3.3	   The maximum PRFF , N, of glass and polystyrene spheres of radius, 
a=5 and 10 µm , in water subject to 1 MHz plane USWs of 1 MPa pressure 
amplitude, calculated by King, Yosioka and Kawasima, and Doinikov, 
respectively. ....................................................................................................... 63	  
Table 4.1	   The basic specification of USW particle manipulation devices with the 
corresponding requirements in the selection of piezoelectric materials ............ 65	  
Table 4.2	   Key piezoelectric properties of some common PZT ceramics  
(Ferroperm Piezoceramics A/S, Denmark) ........................................................ 66	  
Table 4.3	   Material property comparison between PZ26 and three generations of 
PMN-PT-based piezocrystals. ............................................................................ 71	  
Table 4.4	   The densities and size distributions of K1 and S38 GMB (3M United 
Kingdom PLC, 2014) ......................................................................................... 77	  
Table 4.5	   The densities and empirical relative viscosities of GMB loaded Epofix 
with different mass ratios ................................................................................... 78	  
Table 4.6	   A summary of the basic requirements and the corresponding selections 
of the piezoelectric materials used in USW manipulation devices .................... 80	  
Table 4.7	   A summary of the passive materials in USW manipulation devices ..... 81	  
Table 5.1	   The relative dimensions and electrode arrangement of the 
piezocomposite-based 1-D array ...................................................................... 107	  
Table 6.1	   The materials and dimensions used in the LNO ODM model ............. 111	  
Table 6.2	   The maximum amplitude of pressure and velocity in the water layer at 
the fundamental and 3rd and 5th harmonic frequencies with 1Vp input ............ 130	  
Table 6.3	   Maximum amplitudes of pressure and velocity in the water layer 
generated by devices with different piezoelectric material in the piezocomposite 
(1Vp input) ........................................................................................................ 137	  
Table 6.4 	   Layer parameters in the 2-D model ...................................................... 138	  
Table 7.1	   Comparison of the experimental and PZFlex modelled resonant 
frequencies and impedance magnitudes ........................................................... 160	  
Table 7.2	   Comparison of the performance of 12-element and 30-element array 
devices  ............................................................................................................. 178	  
XVIII 
 
ACKNOWLEDGMENTS 
 
I would first like to sincerely and gratefully thank my supervisors, Professor Sandy 
Cochran, Dr. Zhihong Huang and Dr. Christine Démoré for their support, guidance, 
encouragement, patience and advice during my research. Professor Sandy Cochran 
has been a tremendous mentor for me, his advice on both science and my research 
career are precious. I have learned not only the knowledge but also the way of life 
from him. Dr. Zhihong Huang’s generous encouragement and guidance during my 
PhD are always grateful. The financial support from both of them is gratefully 
appreciated. Dr. Christine Démoré always inspired me in my research, her 
knowledge and experience also guided me to accomplish my PhD. 
I would like to express my great appreciation to my collaborators, Mr. Han Wang, 
Dr. David Hughes, Dr. Peter Glynne-Jones, Dr. Sylvia Gebhardt and Mr. Aleksandrs 
Bolhovitins for their essential help and assistance to complete my research. 
I would also like to express my deep gratitude to Professor Susan Trolier-McKinstry 
at the Pennsylvania State University for giving me the opportunity to spend four 
months in her group. My time spent at PSU inspired my interest in MEMS and PZT 
film technologies. 
I would like to thank my colleagues Mr. Graham Brodie and Mr. Srikanta Sharma, 
and Sonotweezers partners Dr. Charles Courtney and Dr. Anne Bernassau for their 
helpful discussions and advices. I extend my appreciation to Mr. Alexander 
Anderson, Mr. Graeme Casey, Mr. James McAneny and Dr. Gerry Harvey for their 
technical support. I also thank Dr. Zhigang Wang for the access of thermal camera.  
I also thank my colleagues at the IMSAT and Mechanical Engineering for their 
companies, I do appreciate all the knowledge we exchanged and all the laughs we 
shared together. 
I especially thank my parents, my sister and my fiancée for their endless love and 
encouragement!
 XIX 
GLOSSARY  
 
Symbols 
 
 
α Attenuation coefficient 
a Radius 
A Amplitude of the velocity 
potential 
β  Compressibility 
c Speed of sound 
cEij Elastic stiffness constants 
measured with constant 
electric field  
cDij Elastic stiffness constants 
measured with constant 
displacement field  
d Distance 
dij Piezoelectric strain 
constant 
D Diameter of ultrasound 
source 
eij Piezoelectric stress 
constant 
E Energy density 
Eac Acoustic energy density 
Ekin Kinetic energy density 
Epot Potential energy density  
EC Coercive field 
f Frequency 
fa Antiresonant frequency  
fr Resonant frequency 
fp Parallel resonant 
frequency 
fs Series resonant frequency 
fm Frequency of minimum 
impedance 
fn Frequency of maximum 
impedance 
F Force 
FB Buoyancy 
FD Stokes drag force 
FG Gravity 
FPRF Primary radiation force 
FSRF Secondary radiation force 
FLAT Lateral radiation force 
g Acceleration of gravity 
I Acoustic intensity 
k Wave number 
keff  Effective coupling 
coefficient 
kij Coupling coefficient 
kT Thickness coupling 
coefficient 
M Transducer figure of 
merit 
N Near field distance 
p Pressure 
Q Quality factor 
Qm Mechanical quality factor 
R Reflection coefficient 
Ra Roughness  
sij Elastic stiffness constant 
t Time 
T Transmission coefficient 
 XX 
 Te Equilibrium temperature 
Th Thickness 
TRT Rhombohedral to 
Tetragonal Phase 
Transition Temperature 
TC Curie temperature 
TEC Curing temperature 
Tg Glass transition 
temperature 
û Displacement amplitude 
of the ultrasound 
v Particle velocity 
vr Relative velocity 
V Volumn 
VL Longitudinal velocity 
ω Angular frequency  
Zac Acoustic impedance 
λ Wavelength 
ρ Density 
ρf Density of fluid 
ρs Density of particle 
µA  Amplitude attenuation 
factor 
ηf Dynamic viscosity of the 
fluid 
δf Penetration depth of the 
fluid 
θ Angle 
ФK Acoustic contrast factor 
by King 
ФY Acoustic contrast factor 
by Yosioka and 
Kawasima 
ФD Acoustic contrast factor 
by Doinikov 
ΔФ Relative phase 
εS permittivity under 
constant strain 
εT permittivity under 
constant stress 
εrS Relative permittivity 
under constant strain 
εrT Relative permittivity 
under constant stress 
 
 
Acronyms 
 
AFM Atomic force microscope  
AR Aspect ratio 
BFR Blade feed rate 
CFR Coolant feed rate 
CW Continuous wave 
DEP Dielectrophoresis  
EP Electrophoresis  
FEA Finite element analysis  
FOH Fibre optic hydrophone  
FUS Focused ultrasound 
surgery 
fPCB Flexible PCB 
GMB Glass microballoons 
HD Hydrodynamic 
ITM Impedance transfer 
model  
ITO Indium tin oxide  
 XXI 
KLM Krimholtz-Leedom-
Matthaei  
LDV Laser Doppler 
vibrometer  
LNO Lithium niobate 
MEMS  micro-electromechanical 
systems  
MI Mechanical index 
MT Magnetic tweezers 
MTS Main trapping site  
NDE Non-destructive 
evaluation 
NDT Non-destructive testing 
NEMS Nano-electromechanical 
systems  
ODM One-dimension-
modelling  
OT Optical tweezers 
PDMS Polydimethylsiloxane  
PMMA polymethyl-methacrylate 
PMN-PT Lead Magnesium 
Niobate - Lead Titanate 
piezocrystal material  
PIN-
PMN-PT 
Lean Indium Niobate - 
PMN-PT 
Mn: PIN-
PMN-PT 
Manganese Doped PIN-
PMN-PT 
PMUT Piezoelectric 
micromachined 
ultrasound transducers 
PNP Peak negative pressure 
PVDF Polyvinylidene fluoride  
PZT Lead zirconate titanate  
SONAR  Sound navigation and ran
ging 
SPR Single element planar 
ultrasound resonator 
SFR Single element  focused 
ultrasound resonator  
STS Subsidiary trapping sites  
SS Spindle speed 
TI Thermal index 
UM Ultrasonic manipulation 
USW Ultrasound standing 
wave 
VF Volume fraction 
 
 XXII 
ABSTRACT 
 
An emerging demand for the precise manipulation of cells and microparticles for 
applications in cell biology and analytical chemistry has driven recent development 
of ultrasonic manipulation technology. Compared to the other major technologies 
used for cell and particle manipulation, such as magnetic tweezing, optical tweezing 
and dielectrophoresis, ultrasonic manipulation has shown excellent capabilities and 
flexibility in a variety of applications with its advantages of versatile, inexpensive 
and easy integration into microfluidic systems, maintenance of cell viability, and 
generation of sufficient forces to handle cells with dimensions up to tens of microns 
and agglomerates of a large number of cells.  
This thesis reviews current state-of-the-art of ultrasonic manipulation technology and 
reports the development of various ultrasonic manipulation devices, including simple 
devices integrated with high frequency (> 20 MHz) ultrasonic transducers for the 
investigation of biological cells and complex ultrasonic transducer array systems to 
explore the feasibility of electronically controlled 2-D and 3-D manipulation. 
Piezoelectric and passive materials, fabrication techniques, characterisation methods 
and possible applications are discussed. The behaviour and performance of the 
devices have been investigated and predicted in virtual prototyping with computer 
simulations, and verified experimentally. Issues associated during the development 
are highlighted and discussed. To assist long term practical adoption, approaches to 
low-cost, wafer level batch-production and commercialisation potential are also 
addressed. 
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Chapter 1 INTRODUCTION 
 
1.1 Overview of Ultrasonic Manipulation 
In recent decades, precise control of bio-particles, bio-molecules and biological cells 
has become increasingly important in life sciences and medicine, with applications 
emerging such as biochemical analysis, cell separation and sorting, study of cell 
mechanisms, and tissue engineering. Following this demand, particle manipulation 
technologies have been developing actively.  
Conventional direct contact technologies utilise contact-mediated forces applied 
directly on targets by mechanical tools, e.g. micropipettes (Mitchison and Swann, 
1954), atomic force microscopes (Ramachandran et al., 1998) and micro-grippers 
(Menciassi et al., 2001, 2003). However, direct mechanical intervention can raise 
problems with mechanical damage to the fragile structure of cells or tissue, and 
difficulty in handling large numbers of targets. Contactless particle manipulation 
techniques, such as magnetic tweezing (Lee, Purdon, et al., 2004), dielectrophoresis 
(Reichle et al., 1999), optical tweezing (Ashkin et al., 1986), and ultrasonic 
manipulation (Coakley et al., 1989) have therefore shown significant advantages to 
overcome some of these problems with moderate forces created by energy gradients, 
driving particles towards an equilibrium state at a local potential energy minimum 
without direct contact.  
Of the contactless techniques, ultrasonic manipulation offers several potential 
advantages, such as the ease of integration into microfluidic systems at low cost, 
maintenance of cell viability, and generation of forces necessary to handle cells with 
dimensions up to tens of microns and agglomerates of hundreds or thousands of cells 
with dimensions much larger than ~1 µm.  
With these advantages, several biological and medical applications employing 
ultrasonic standing waves have been demonstrated, including cell filtering, 
concentration, separation and sorting (Cousins et al., 2000; González et al., 2010; 
Harris et al., 2003; Laurell et al., 2007; Petersson et al., 2004; Petersson, Nilsson, 
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Holm, et al., 2005; Petersson et al., 2007; Wiklund et al., 2006), cell patterning and 
immobilisation (Bernassau, Gesellchen, et al., 2012; Lee et al., 2011; Shi et al., 
2009), cell washing and mixing (Augustsson et al., 2008; Hawkes et al., 2004; 
Petersson, Nilsson, Jönsson, et al., 2005), culturing and proliferation of cells in 
suspension (Bazou et al., 2005, 2008; Hultström et al., 2007), capture and 
accumulation of microbubbles at a target site (Raiton et al., 2012) , enhancement of 
the sensitivity of biosensors and bioassays (Glynne-Jones, Boltryk, Hill, et al., 2010; 
Wiklund and Hertz, 2006; Wiklund et al., 2013), and enhancement of the efficiency 
of in vitro sonoporation (Khanna et al., 2006; Kinoshita and Hynynen, 2007). 
 
1.2 Motivation and Objectives 
Existing ultrasonic manipulation devices have valuable capabilities but also limit in 
terms of forces that can be produced and measured, constrained trapping sites due to 
the enclosure resonances and geometry of the devices, and fabrication complexities 
negatively affecting progress towards mass production and commercialisation.  
These limitations have been the motivation for the work presented in this thesis: 
• With the aim to explore the feasibility of generation of larger acoustic 
radiation forces over longer length scales for cell biology applications, such 
as study of the molecular and cellular basis of chemotaxis (the directional 
movement of a cell or multicellular organisms toward a chemical source, e.g. 
glucose as food (Song et al., 2006)), two approaches to increase the force 
amplitude have been investigated: (1) increasing the operating frequencies of 
the devices, and (2) increasing the acoustic pressure gradients.  
• With the aims to overcome the reliance on device resonance limitations 
imposed by geometry and to extend precise manipulation to multiple 
dimensions, the feasibility of the integration of ultrasonic transducer arrays in 
ultrasound manipulation devices has been investigated, producing multiple-
transducer devices (arrays) able to provide trapping sites controlled 
electronically. 
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• With the aim to reduce the manufacturing complexities of ultrasonic 
manipulation devices to more towards mass production, several well 
established fabrication techniques have been investigated. 
 
1.3 Collaboration Project - Sonotweezers  
The work presented in this thesis was part of the Sonotweezers project funded by the 
Engineering and Physical Sciences Research Council, UK. This collaboration 
involved people from four UK universities: Bristol, Dundee, Glasgow and 
Southampton. The main roles of Dundee have been in transducer development and 
system implementation. The author of this thesis focused on transducer 
development, including the design, modelling, fabrication, characterisation and 
applications demonstration of the ultrasonic manipulation devices reported here. 
Parts of the demonstrations of the devices were assisted by the Sonotweezers 
partners and have been reported elsewhere; thus only brief relevant information is 
introduced as outcomes of development of devices. 
 
1.4 Thesis Structure 
Chapter 2 gives an overview of the direct contact and contactless particle 
manipulation technologies, explaining their working principles and applications. The 
state of the art of ultrasonic manipulation technology is emphasized and comparison 
with other manipulation technologies is considered extensively. 
Chapter 3 explains the theory of ultrasound, ultrasound transducers, ultrasound 
manipulation and acoustic radiation forces. The effects of practical ultrasound fields 
are discussed, along with issues that can limit the performance of ultrasound 
manipulation devices.  
Chapter 4 discusses piezoelectric and passive materials that may be suitable for 
USW manipulation devices. Material selection is based on functional material 
properties, biocompatibility, and manufacturability.  
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Chapter 5 describes the methods that can be implemented to fabricate, characterise 
and test ultrasonic manipulation devices. The fabrication methods include 
conventional techniques such as lapping and polishing, dicing, and flexible circuit 
interconnects. Fabrication methods for piezocomposites are also introduced, 
followed by methods to characterise ultrasound transducers and manipulation 
devices. After careful consideration of these methods along with the materials 
introduced in Chapter 4, the configurations of three types of ultrasound manipulation 
devices are proposed, with regard to the aims of this thesis. 
Chapter 6 presents virtual prototyping of the proposed devices, based on computer 
models. The relevant dimensions, resonant frequencies, pressure distributions and 
mode shapes of the proposed devices are studied with different modelling methods. 
The behaviour and performance of the devices are also predicted by the modelling.  
Chapter 7 reports the results of the manufacture, characterisation and experimental 
evaluation of the proposed devices. The fabrication process for each device is 
described and issues met during development are highlighted and discussed. The 
results of the characterisation and experimental evaluation are also compared with 
the modelled results in Chapter 6. 
Chapter 8 draws together the conclusions from the thesis and highlights the 
achievements. Further improvements and other potential devices arising from the 
thesis are discussed as future work. 
 
1.5 Contributions to Knowledge 
This thesis contributes to knowledge in several areas. 
• Demonstration of high frequency ultrasonic transducers integrated into simple 
ultrasonic manipulation devices in pathfinder cell biology applications;  
• Demonstration of the use of Cepstral analysis to obtain the parallelism and 
width of an ultrasonic resonant chamber purely from the electrical impedance 
spectrum of the ultrasound source coupled to the chamber, plus adoption of this 
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technique during the assembly of planar ultrasonic resonators to improve their 
trapping performance; 
• Investigation of the trends of temperature elevation in ultrasonic manipulation 
devices, providing the means of in control and to make use of self-heating of 
ultrasound transducers during cell experiments; 
• Demonstration of the feasibility of integrated transducer arrays in ultrasound 
manipulation device to overcome the reliance on device resonances limited by 
fixed geometries, extending precise manipulation to lateral manipulation and 
potential multiple dimensions; 
• Successful adoption of piezocrystals PMN-PT to improve the performance of 
ultrasound manipulation devices; 
• Adoption of thick film screen-printing techniques to simplify manufacture of 
complex ultrasound manipulation devices to aid mass production, benefiting the 
commercialisation of Sonotweezers® for life sciences applications. 
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Chapter 2 LITERATURE REVIEW: PARTICLE 
MANIPULATION TECHNOLOGIES 
 
2.1 Introduction 
Generally, a particle manipulation technology can be classified either as direct 
contact or contactless technology. The direct contact technologies usually utilise 
contact-mediated forces applied directly on target particles by a mechanical tool, e.g. 
a micropipette, atomic force microscope or micro-grippers. The contactless particle 
manipulation techniques utilise the forces created by an energy gradient to drive 
particles towards an equilibrium state at a local potential energy minimum without 
direct contact, e.g. with magnetic tweezers, electrophoresis or dielectrophoresis, 
optical tweezers or acoustic or ultrasonic manipulation. Hydrodynamic methods are 
considered as contactless technology in this thesis, since fluid flow is the major 
cause of hydrodynamic forces, even though, in some cases, direct contact may be 
required to assist the trapping.  
In this chapter, a brief overview of the direct contact and contactless particle 
manipulation technologies mentioned above is given in separate sections. The state 
of the art of ultrasonic manipulation technology is emphasized and comparison with 
the other manipulation technologies is extensively discussed.  
 
2.2 Direct Mechanical Contact Manipulation Technologies 
2.2.1 Micropipette Aspiration 
Micropipettes (Brown and Flaming, 1986) are widely used to transport measured 
volumes of liquid in biology and analytical chemistry. They can also be used to 
manipulate single cells or deformable objects with suction pressures after reducing 
the tip size according to the dimensions of targets. Usually the target size is larger 
than 1 µm. Furthermore, micropipettes also provide a simple technique to evaluate 
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the mechanical properties of cells and nuclei by analysing the deformation caused by 
suction pressure. This technique, named micropipette aspiration (Fig. 2.1), was first 
introduced by Mitchison and Swann, who measured the mechanical properties of the 
surface of sea urchins’ eggs in 1950s (Mitchison and Swann, 1954). Since then, the 
technique has been used to measure the elasticity of many different types of living 
cells, such as red blood cells (Rand, 1964; Rand and Burton, 1964), blood 
granulocytes (Evans and Yeung, 1989), chondrocytes (Jones et al., 1999) and 
fibroblasts (Fig. 2.2) (Lim et al., 2006).  
 
Figure 2.1 Schematic of micropipette aspiration (Mitchison and Swann, 1954). 
 
 
Figure 2.2 Sequence of a mouse embryonic fibroblast cell (NIH3T3) being aspirated 
into a micropipette at times 0 s, 100 s and 200 s (Lim et al., 2006). 
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2.2.2 Atomic Force Microscopy 
The atomic force microscope (AFM) was invented in the mid-1980s (Binnig et al., 
1986) and commercialised in 1989. Since then AFM has become one of the foremost 
tools for dealing with objects in the scale range from nanometres to micrometres in 
biology, material sciences and other research areas.  
 
Figure 2.3 Schematic diagram of atomic force microscopy  
As shown in Fig. 2.3, an AFM consists of a cantilever with a sharp tip, which is used 
to scan the sample surface. The interaction force between the tip and the sample 
causes a deflection of the cantilever, which is then detected and measured with an 
optical interferometer or capacitive sensor. AFM can be used on samples in aqueous 
media. Therefore measurements can be taken in physiological environments, which 
makes it is useful in handling cells in vitro, e.g. to determine the surface morphology 
of living cells (Hansma et al., 1988; Henderson et al., 1992) and to measure the 
elasticity of cells (Kuznetsova et al., 2007; Radmacher, 1997). Furthermore, AFM 
can also be operated to manipulate particles with precise control of the cantilever tip 
(Junno et al., 1995; Ramachandran et al., 1998; Resch et al., 1998; Schaefer et al., 
1995; Xu et al., 2012), as illustrated in Fig. 2.4. Recently, researchers at Harvard 
University have combined AFM with dielectrophoresis to achieve precise non-
contact trapping and manipulation, as shown in Fig. 2.5 (Brown and Westervelt, 
2011), combining the advantages of precise control in AFM with the contactless 
trapping in dielectrophoresis. 
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Figure 2.4 Schematic illustrating the process of particle manipulation using AFM 
(Ramachandran et al., 1998). 
 
Figure 2.5 Integrating electrodes on an AFM tip to generate a negative 
dielectrophoresis trapping site (the green spot in the left figure) for particle manipulation. 
Scale bar = 20 µm. (Brown and Westervelt, 2011). 
 
2.2.3 Micro-grippers 
Advances in miniaturisation technology make possible the development of micro-
size mechanical tools. Many groups have developed different micro-tools using 
different actuation mechanisms, such as electrostatic force (Beyeler et al., 2007; 
Volland et al., 2002), electro-thermal force (Luo et al., 2005; Mackay et al., 2011; 
Mølhave and Hansen, 2005; Nguyen et al., 2004), electromagnetic force (Chiou et 
al., 2006), the piezoelectric effect (Carrozza et al., 2000; Jericho et al., 2004), laser 
actuation (Nogimori et al., 1997) and shape memory alloys (Kohl et al., 2000).  
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Micro-grippers are usually easy to operate and have multi-degree freedom of 
movement. They can even be used to assemble microstructures (Dechev et al., 
2004). After integration with sensors, they can also be used to characterise the 
mechanical properties of cells and soft tissues (Menciassi et al., 2001, 2003). 
 
Figure 2.6 Photos showing a wide range of applications of micro-grippers (All scale 
bars 500 µm) (Wester et al., 2011). 
 
2.3 Contactless Manipulation Technologies 
2.3.1 Hydrodynamic Methods 
A particle suspended in a fluid is subjected to hydrodynamic forces, which depend 
on the velocity of the fluid with respect to the particle. In cell biology and analytical 
chemistry, hydrodynamics have been widely used to focus particles in a stream of 
fluid to assist cell counting, examining and sorting in flow cytometers and 
fluorescence-activated cell sorters, as shown in Fig. 2.7. Because of its ability to 
provide high speed and high-throughput to handle large numbers of particles and 
cells, hydrodynamic focusing is the main technique used nowadays in flow 
cytometry (Dziubinski, 2012). However, the shear stresses from a fluid flow may 
cause cell membrane rupture and cytolysis (McQueen et al., 1987), hence requiring 
control the flow velocity to prevent the cell damage. 
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(a)      (b) 
Figure 2.7 (a) Schematic diagram of hydrodynamic focusing, (b) hydrodynamic 
focusing of IPA by buffer streams: (1) white light image, (2) fluorescence image of DiIC18 
in IPA stream and (3) carboxy-fluoresce in buffer streams (Jahn et al., 2004). 
Hydrodynamic trapping of cells and particles can be realised by creating side 
channels in a main fluid channel, with the cells trapped by suction forces consequent 
on the fluid flow through the side channels (Lee et al., 2005; Tan and Takeuchi, 
2007; Yang et al., 2002). Moreover, the trapped cells can be released easily by 
reversing the flow direction of the side channels. Therefore, multiple types or 
numbers of cells can be individually manipulated in the same trap, as shown in 
Fig. 2.8 (Skelley et al., 2009).  
 
Figure 2.8 (a) Scanning electron micrograph image of the small cell traps of the cell 
fusion device (Scale bar 20 µm). (b) Schematics and micrographs of three steps of cell-
loading protocol: Step-1, first type of cells is loaded ‘up’ toward the smaller back-side 
capture cups; Step-2, reversing the flow direction, the cells are transferred ‘down’ into the 
larger front-side capture cups; Step-3, the second type of cells is loaded into the larger front-
side capture cups. (Skelley et al., 2009) 
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Generally, hydrodynamic trapping requires assistance from either channel walls or 
capture cups. However, by modifying the structure of microfluidic channels, the 
contactless trapping of individual particles can also be achieved. Tanyeri et al. 
demonstrated the use of the sole action of hydrodynamic forces to trap and 
manipulate a single particle based on a stagnation point flow, as shown in Fig. 2.9 
(Tanyeri et al., 2010). Lieu et al. modified the geometry of the fluid channel to create 
low Reynolds number steady streaming flows for contactless trapping of Ø10 µm 
polystyrene microspheres, as shown in Fig. 2.10 (Lieu et al., 2012). 
  
Figure 2.9 A hydrodynamic trap is created by two planar extensional flows into the 
junction of two perpendicular channels; the trap can be manipulated by changing the flow 
field. (Tanyeri et al., 2010) 
 
 
Figure 2.10 Polystyrene microspheres are trapped in steady streaming eddies generated 
by the geometry of a microfluidic device (scale bar 50 µm). (Lieu et al., 2012) 
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2.3.2 Magnetic Tweezers 
Magnetic tweezing, or magnetic manipulation, utilises magnetic fields to create 
forces on particles (Gosse and Croquette, 2002). In a homogeneous magnetic field, 
particles would only be magnetised, and there would be no acting net force to move 
the particle around. In order to generate the magnetic force, an inhomogeneous 
magnetic field is required. The resulting magnetic force on a micron-size particle is 
typically between a few to tens of pN. Another critical requirement is that the 
particle should have either an induced or permanent magnetisation. Only two types 
of cells are naturally magnetic, i.e. red blood cells and magnetotactic bacteria 
(Safarík and Safaríková, 1999). Therefore, other cells have to be seeded or labelled 
externally or internally with paramagnetic lanthanide ions (Zborowski et al., 1992) 
or magnetic micro- or nano-particles (Wilhelm et al., 2002). Hence, magnetic 
tweezers are usually used for transportation, positioning, separation and sorting of 
non-biological objects. However, the use of magnetic tweezers with bio-
functionalized particles in bioassays and biomedical applications is not at all 
uncommon (Pamme, 2006). Recently, Vittorio et al. demonstrated the use of 
magnetic carbon nanotubes driving stem cell migration toward the magnetic source 
(Vittorio et al., 2011). Liu et al. recently reported the use of weak magnetic fields on 
nanotubes to enhance cell membrane magnetoporation and to ablate human tumour 
cells in vitro, as shown in Fig. 2.11 (Liu, Wang, et al., 2012).  
 
Figure 2.11 Topographical imaging of membrane of human breast cancer cells by AFM. 
The cells were incubated on collagen-coated coverslips after treatment with multi-walled 
carbon nanotubes. (Liu, Wang, et al., 2012) 
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In order to increase the flexibility of control, Lee et al. demonstrated the use of a 
microelectromagnet matrix to create versatile magnetic field patterns to control the 
motion of individual cells in fluid (Lee, Purdon, et al., 2004). The 
microelectromagnet matrix consists of two layers of straight Au wires aligned 
perpendicular to each other, as shown in Fig. 2.12 a-b. By adjusting the current in 
wires independently in each layer, trapping, continuous transportation and rotation of 
individual cells (attached to magnetic beads) were achieved, as shown in Fig. 2.12 c. 
Moreover, by independently controlling two magnetic peaks, a group of cells can be 
separated and moved away from each other, as shown in Fig. 2.12 c.  
 
Figure 2.12 (a) Schematic diagram of the microelectromagnet matrix before attaching 
the microfluidic channel; (b) micrograph of a fabricated matrix with 10 × 10 matrix Au 
wires; (c) transportation, separation and rotation of cells with microelectromagnet matrix 
device. (Lee, Purdon, et al., 2004)  
 
2.3.3 Dielectrophoresis and Electrophoresis  
When a dielectric particle is subjected to a non-uniform electric field, particles will 
move towards or away from the high electric region of the electric field through the 
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forces exerted on them. This phenomenon is dielectrophoresis (DEP) (Pohl, 1978, 
1951). The main different between DEP and electrophoresis (EP) is that the forces 
generated in DEP do not require precharged particles, as shown in Fig. 2.13. Hence, 
manipulation of living cells with EP is less common, as a large overall electric 
charge, usually fatal to the cells, is required to generate a sufficient electrostatic 
force to manipulate them. The direction of dielectrophoretic force depends on the 
Clausius–Mossotti factor (Pethig, 2010), which is determined by the permittivities of 
the particle and the surrounding medium. The positive DEP force (p-DEP) moves the 
particle towards the higher electric field, as shown in Fig. 2.13 c, and the negative 
DEP force (n-DEP) moves the particle away from the high electric field, as shown in 
Fig. 2.13 d. Using n-DEP with several electrodes, a stable three-dimensional trap for 
particles can be realised, as shown in Fig. 2.14 (Reichle et al., 1999). 
 
Figure 2.13 Particles are subjected to different electric fields: (a) a dielectric particle 
experiences no net force in a uniform electric field; (b) a charged particle experiences a force 
in a uniform electric field and moves towards one electrode; (c) a dielectric particle 
experiences p-DEP and moves towards the region of higher electric field in a non-uniform 
field; (d) a dielectric particle experiences n-DEP and moves away from the high electric 
field. (Nilsson et al., 2009) 
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Figure 2.14 Three-dimensional caging of a biological cell using n-DEP with eight 
electrodes. The top four electrodes are the dark areas in the figure (Reichle et al., 1999).  
The strength of the force depends on the frequency of the electric field, the electrical 
properties of the particles and its surrounding medium, and the mechanical 
properties of the particles, e.g. shape and size. An electric field with a particular 
frequency can manipulate particles with great selectivity, allowing DEP to be used in 
a broad range of industrial, biomedical and life sciences applications, such as 
mineral separation (Batton et al., 2007; Lungu, 2006), micro-polishing (Kim et al., 
2004), dispensing of nanolitre droplets (Chen et al., 2009; Jones et al., 2004), 
nanofabrication and assembly (Li et al., 2004; Seo et al., 2010), cell sorting (Cheng 
et al., 2009; Hu et al., 2005) and characterisation of biological particles, e.g. DNA 
(Sung and Burns, 2006). Moreover, MacQueen et al. have measured the mechanical 
properties of individual mammalian cells by changing the voltage and phase 
relationship between the electrodes, as to cause the rotation and deformation of 
trapped cells (MacQueen et al., 2010). 
 
2.3.4 Optical Tweezers 
Optical tweezers rely upon a high gradient electric field, which is produced near the 
beam waist of a highly focused laser beam, to create a sufficient force for 
manipulation of nanometre- and micron-sized dielectric particles. The force on the 
dielectric particle is caused by the transfer of momentum from the scattering of 
incident photons (Molloy and Padgett, 2002). This force can be decomposed into 
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two types of optical forces: scattering force, which pushes particles along the 
direction of light propagation; and gradient force, which pulls particles in the 
direction of the spatial light intensity gradient.  
For most conventional situations, the scattering force dominates, but the gradient 
force must also be considered if there is a steep intensity gradient (Neuman and 
Block, 2004). As shown in Fig. 2.15 a, when a particle is placed away from the 
centre of the beam, a larger force is generated by the larger momentum transferred 
from the higher intensity rays closer to the centre, so that the net force points 
towards the beam centre. If the particle is moved into the centre of the beam, 
although the resultant lateral force is zero, the resultant axial force dominates the net 
force, still pointing away from the laser source, as shown in Fig. 2.15 b. Therefore, a 
focused laser beam can be used to fix the axial position of the particle. The 
momentum change of the focused laser beam causes a force towards the beam waist, 
as shown in Fig. 2.15 c. This causes the particle to be trapped slightly behind the 
beam waist, where the net force compensates for the scattering force. Typically, the 
range of laser power is from a few mW up to 1 W, giving the forces in the range 
from fN up to hundreds of pN. 
 
Figure 2.15 Ray optics description of the gradient force on a dielectric particle. The 
figure is based on the schematic illustration in (Molloy and Padgett, 2002). 
Arthur Ashkin pioneered optical trapping in Bell Laboratories in the early 1970s. He 
first demonstrated the acceleration and trapping of micron-sized dielectric spheres in 
both liquid and gas in optical potential wells created by a continuous argon laser 
(Ashkin, 1970). In 1986, Ashkin et al. demonstrated stable optical trapping of 
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micron-sized dielectric objects using a single-beam gradient force optical trap 
(Ashkin et al., 1986), since known as “optical tweezers”, with the original paper 
gaining about 4000 citations to date. Because of the capability for precise 
manipulation of nanometre- and micron-sized objects without labelling, optical 
tweezers quickly became an important research tool in biology, biochemistry, 
biophysics and physical chemistry (Grier, 2003). Besides of their technical 
achievements, Ashkin and co-workers also demonstrated a series of pioneering 
biological applications of optical tweezers, using the technique to capture bacteria 
and tobacco mosaic virus (Ashkin and Dziedzic, 1987), to manipulate single cells 
(Ashkin et al., 1987) and cell internal organelles (Ashkin and Dziedzic, 1989), and to 
measure the force of organelle movement inside living cells (Ashkin et al., 1990).  
In the recent two decades, more attention has been given to improve the resolution 
and accuracy of the instrumentation (Moffitt et al., 2008; Zhang et al., 2013), to 
develop complex three-dimensional optical field geometries for new applications 
such as particle sorting (MacDonald et al., 2003) and nano-fabrication (Kawata et 
al., 2001; Pauzauskie et al., 2006), to measure the mechanical properties of 
biological molecules (Guck et al., 2001) and to study physical mechanisms within 
molecules, e.g. DNA and motor proteins (Moffitt et al., 2008). 
 
Figure 2.16 (a) Separation of same-sized (Ø2 µm) polymer and silica spheres in water 
through the optical lattice (body-centred tetragonal, b.c.t.) by index of refraction 
(MacDonald et al., 2003); (b) Nanowire junctions and assemblies built using optical trapping 
(Pauzauskie et al., 2006). 
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2.3.5 Ultrasonic Manipulation 
Similarly to the optical radiation force in optical tweezers, an acoustic radiation force 
on an object is produced by a gradient in the energy density and momentum 
transformation of propagating acoustic waves because of absorption by, and 
scattering and reflection from the object, as shown in Fig. 2.17. Hence, particles 
suspended in either travelling or standing acoustic wave fields experience non-zero 
time averaged radiation forces.  
 
(a)      (b) 
Figure 2.17 Illustration of acoustic radiation forces on (a) a stiff and heavy particle and 
(b) a flexible and light particle in an inhomogeneous acoustic field. <p2> indicates the 
energy density, black arrows show the directions of the momentum transfer and the large 
arrow show the net force results in a motion of the particles.  
 
Early observations and studies of acoustic radiation forces 
In 1866, a German physicist, August Kundt, presented a method for measuring the 
speed of sound in gases, using a standing acoustic wave to move a small amount of 
fine powder, e.g. cork dust, talcum or lycopodium, to the pressure nodal planes of 
the acoustic field in a resonant structure in a transparent horizontal tube, as shown in 
Fig. 2.18. This equipment, Kundt's tube, enables the measurement of the wavelength 
as twice the distance between two nodal planes, allowing the speed of sound in the 
gas in the tube to be calculated with knowledge of the frequency and the wavelength 
(Kundt, 1866, 1868).  
  
Chapter 2 
23 
 
Figure 2.18 (a) Kundt's tube apparatus, (b) the powder patterns created in Kundt’s tube. 
(Kundt, 1866) 
At the beginning of the 20th century, Lord Rayleigh (John W. Strutt) explored the 
theory behind acoustic radiation force and introduced the idea that a sound wave can 
exert a time-averaged directed pressure on an object, just like light waves (Rayleigh, 
1902, 1905). He also made other definitive research and significant discoveries in 
acoustics, including acoustic surface waves (Rayleigh waves), nonlinear effects and 
bubble collapse (Graff, 1981). Based on Rayleigh’s theory of acoustic pressure, 
Altberg first reported the measurement of the absolute intensity of the acoustic wave 
radiating from the end of a Kundt’s tube (Altberg, 1903), which is the origin of 
contemporary testing and calibration of acoustic/ultrasonic devices (Cobbold, 2006). 
In 1906, a Norwegian physicist, Vilhelm Bjerknes, studied the effect of radiation 
forces acting on bubbles in the acoustic field and found that, besides the radiation 
forces caused by the primary acoustic field, secondary acoustic forces are produced 
because of the mutual interaction between gas bubbles in the acoustic field, now 
known as Bjerknes forces (Bjerknes, 1906; Mettin et al., 1997). The radiation forces 
acting on particles in an acoustic field were explored in later publications by King 
(King, 1934), Yosioka and Kawasima (Yosioka and Kawasima, 1955), Gor’kov 
(Gor’kov, 1962) and Doinikov (Doinikov, 1994, 1997); their theories of acoustic 
radiation forces on spherical particles will be discussed further in Section 3.3.2. 
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Birth of modern ultrasonics and ultrasound applications 
In parallel with the understanding of acoustic radiation forces, there was continued 
development of the technology of ultrasonic waves, i.e. acoustic waves with a 
frequency larger than 20 kHz. The first ultrasonic generator, the Savant wheel of 
1830, has a frequency up to about 24 kHz (Graff, 1981). In the nineteenth century, 
besides the early development of ultrasonic sources, the discovery of piezoelectricity 
by the Curie brothers in 1880 directly prepared for the emergence of ultrasonics 
(Cheeke, 2012): in the early twentieth century, the sinking of the Titanic and the 
threat from submarines in World War I elicited proposals to use acoustic waves to 
detect underwater subjects, finally leading to the birth of modern ultrasonics.  
In 1915, a French physicist, Paul Langevin, demonstrated the practicality of pulse 
echo detection with a high frequency (150 kHz) "hydrophone" for object detection 
(Cheeke, 2012). Since then, the technology of ultrasound has developed rapidly, not 
only with the invention of many new piezoelectric materials and ultrasonic devices, 
e.g. piezoelectric ceramics such as lead titanate zirconate and SONAR transducers, 
but also applications of ultrasound in industry and medicine, Fig. 2.19, such as for 
cleaning, machining, soldering, flaw detection in solids, sonochemistry, medical 
imaging (Fig. 2.20), therapeutic ultrasound and particle manipulation. 
 
Figure 2.19 Tree chart of ultrasound applications 
 
  
Chapter 2 
25 
 
Figure 2.20 The first reported ultrasonic diagnosis of early pregnancy, uterus at 14 
weeks. The scan was taken one inch above the pubic bone. The shape in the left part of the 
large cystic cavity is an early foetus. (Donald et al., 1958) 
 
In the 1970s, the effects and potential hazards of ultrasound on biological cells and 
blood circulation drew attention. Dyson et al. reported that 3 MHz continuous 
ultrasound aggregates red blood cells into stationary clumps in live chick embryos, 
Fig. 2.21. They suggested that the formation of agglomerates of red blood cells in the 
vessels was caused by Bernoulli forces between the cells owing to the displacement 
of the cells relative to the plasma, and that the only contribution of the ultrasonic 
standing wave in this process was to fix the position of the segregation pattern 
(Dyson et al., 1971). However, soon afterwards, Baker investigated the influence of 
standing ultrasonic waves on red blood cells by performing the segregation and 
sedimentation of red blood cells in a liquid medium. Baker argued against Dyson’s 
theory and suggested that the primary cause of the segregation was the ultrasonic 
standing waves (Baker, 1972), now accepted as correct by most researchers.  
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Figure 2.21 Ultrasonically induced red blood cell stasis in the blood vessel of live chick 
embryos (Dyson et al., 1971) 
 
Technology development of ultrasonic manipulation in the last 25 years 
Microfluidics emerged at the beginning of the 1980s and has developed rapidly in 
the past three decades to meet the increasing demands of scientists and researchers 
for miniaturised and integrated technologies to explore bio-particles, cells and 
molecules in cell biology and analytical chemistry. In this context, ultrasonic 
manipulation has become one of the most intensively studied contactless 
manipulation technologies, with its advantages of easy integration into microfluidic 
systems, maintenance of cell viability and generation of forces necessary to handle 
cells with dimensions up to tens of microns and agglomerates of hundreds or 
thousands of cells.   
Coakley et al. reviewed the observations of ultrasonic radiation force effects on cells 
and demonstrated applications in cell concentration, alignment and cell-cell 
interaction in the late 1980s (Coakley et al., 1989). Generally, ultrasound at 
frequencies of the order of 1 MHz was used in ultrasonic manipulation devices to 
increase the threshold acoustic pressure of the ultrasonic cavitation in experiments 
on biological cells. In 1990, Wu demonstrated stable trapping of latex particles and 
clusters of frog eggs with two collimated ultrasound waves (3.5 MHz) counter-
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propagating in water (Wu, 1990, 1991). Moroney et al. observed the movement of 
2.5 µm diameter polystyrene spheres in the flow of water using Lamb waves at 
3 - 8 MHz traveling in a silicon nitride membrane, and also demonstrated that the 
standing Lamb waves can trap particles and bacteria located in a water droplet that 
contacts the membrane (Moroney et al., 1990). Saito et al. estimated the locomotive 
force of the paramecia with 3 MHz ultrasonic standing waves and also demonstrated 
the use of two ultrasound sources to create lattice energy gradients for 2-D cell 
trapping (Saito et al., 1997).  
Entering the 21st century, the use of ultrasound manipulation has been widely 
studied for a broad range of biological and medical applications, including cell 
filtering, concentrating, separation and sorting (e.g. Fig. 2.22) (Cousins et al., 2000; 
González et al., 2010; Harris et al., 2003; Laurell et al., 2007; Petersson et al., 2004, 
2007; Petersson, Nilsson, Holm, et al., 2005; Wiklund et al., 2006), cell patterning 
and immobilisation (Bernassau, Gesellchen, et al., 2012; Lee et al., 2011; Shi et al., 
2009), cell washing and mixing (Augustsson et al., 2008; Hawkes et al., 2004; 
Petersson, Nilsson, Jönsson, et al., 2005), culturing and proliferation of cells in 
suspension (Bazou et al., 2005, 2008; Hultström et al., 2007), capture and 
accumulation of microbubbles at a target site (Raiton et al., 2012) and enhancement 
of the sensitivity of biosensors and bioassays (Glynne-Jones, Boltryk, Hill, et al., 
2010; Wiklund and Hertz, 2006; Wiklund et al., 2013).  
 
Figure 2.22 Ultrasound separation of human lipid particles (white) from human 
erythrocytes (red) at the trifurcation chip (Petersson, Nilsson, Holm, et al., 2005) 
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As expressed by Lord Rayleigh (Rayleigh, 1902, 1905), particles suspended in either 
travelling or standing wave fields experience non-zero time averaged radiation 
forces. In order to achieve stable forces, ultrasonic manipulation devices usually 
utilise either standing waves, i.e. bulk standing waves (Glynne-Jones, Boltryk, et al., 
2012; Glynne-Jones, Demore, et al., 2012; Nilsson et al., 2004) and standing surface 
acoustic waves (Ding et al., 2012; Meng et al., 2012; Shi et al., 2009) or quasi-
standing waves, e.g. Bessel beams (Courtney et al., 2013), as shown in Fig. 2.23. 
However, some researchers have created a null pressure acoustic field by emitting 
two ultrasound beams of opposite phase to achieve a similar effect to a standing 
wave (Raiton et al., 2012).  
 
Figure 2.23 Methods used in ultrasound particle manipulation 
On the technical side, ultrasonic manipulation used to lack the dexterity to 
manipulate of individual micro-particles. However, several groups have recently 
succeeded in manipulating single particle or cells. Manneberg et al. demonstrated 
3-D caging of single B-cell by simultaneously exciting a microfluidic chip with two 
different frequencies (Manneberg, Vanherberghen, et al., 2008). Following the ray 
optics approach of optical tweezers, Lee et al. demonstrated the trapping and 
manipulation of a single 10 µm leukaemia cell using a 200 MHz focused transducer 
with a focal length of 0.5 mm, an f-number f# = 1 and a beam width at half 
maximum of 9.5 µm, as shown in Fig. 2.24 (Lee et al., 2011). Courtney et al. 
operated 16-element circular transducer arrays analogously to holographic optical 
tweezers (Grier, 2003; O’Neil et al., 2002), to create controllable one or multiple 
Bessel-function acoustic pressure fields for dexterous manipulation of 
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microparticles, e.g. to gather and separate two individual microparticles (Courtney et 
al., 2013; Grinenko et al., 2012).  
 
Figure 2.24 (a) A schematic diagram of cell immobilization system; (b) a fabricated 200 
MHz ZnO transducer; (c) an example of manipulation of individual cell with high frequency 
focused ultrasound beam. (Lee et al., 2011) 
 
2.4 Conclusions 
In this chapter, the major technologies for cell and particle manipulation have been 
introduced. Although contactless techniques have already shown significant 
advantages in avoiding damage to the cells, direct contact methods still play 
important roles in many areas, e.g. using AFM to study single-molecule forces 
(Neuman and Nagy, 2008). It is also important to understand that among the 
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contactless manipulation techniques that have been discussed, there is no one 
method that is simply better and more advanced than the others; instead the different 
techniques share their places alongside each other in different scenarios with 
different purposes. 
Table 2.1 outlines the capabilities of the contactless micromanipulation techniques, 
i.e. the hydrodynamic method (HD), magnetic tweezers (MT), dielectrophoresis 
(DEP), optical tweezers (OT) and ultrasonic manipulation (UM), in terms of particle 
sizes and numbers that can be handled, the typical range of forces that can be 
produced or measured, any preparation of particles required before operation, e.g. 
labelling or seeding, particle selectivity, selection of surrounding media, spatial 
accuracy, size of the field of operation, biocompatibility, system integration and cost 
of instrument. 
Table 2.1 Key capabilities of the major contactless micromanipulation techniques 
 HD MT DEP OT UM 
Particle 
sizes 
< 1 µm Yes Yes Poor Yes Poor 
1 - 10 µm Yes Yes Yes Yes Yes 
10 - 50 µm Yes Yes Yes Poor Yes 
> 50 µm Yes Yes No No Yes 
Typical force scale N/A pN - nN pN fN - pN pN - nN 
Particle preparation / 
labelling No Yes No No No 
Handling massive 
number of particles Yes Yes Yes Poor Yes 
Handling individual 
particle Yes Yes Yes Yes Poor 
Particle selectivity Low High High Medium High 
Selection of 
surrounding medium Wide Wide Poor Wide Wide 
Spatial precision Low Medium Medium High Low 
Range of operation 
field Short Long Short Short Long 
Biocompatibility Good Poor Fair Fair Good 
System integration Good Good Good Poor Good 
Cost of instrument Low Medium Low High Low 
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Generally, MT, DEP, OT and UM have better particle selectivity than HD, as the 
radiation forces generated by these techniques strongly depend on the mechanical 
properties of the particles, i.e. magnetic susceptibilities in MT, dielectric constants in 
DEP, refractive indices in OT, and densities and compressibilities in UM. 
Advantages of using DEP compared with UM for micromanipulation are the 
reasonable precision and relative ease of individual particle manipulation 
capabilities. However, to achieve these capabilities, the distance between the 
electrodes has to be made quite small to provide the necessary gradients in the 
electric field, which reduces the size of the field of operation, increases the risk of 
clogging, requires fairly low concentration particle-medium mixture, and increases 
the difficulties of microfabrication. Moreover, conventional cell culture media show 
good electric contrast and hence their high conductivities will also cause significant 
Joule heating of the media (Duschl et al., 2004). This brings trouble in long-term cell 
handling. Marszalek et al. also suggested that the electric fields may potentially 
directly interact with cells via voltage-gated ion channels (Marszalek et al., 1990) 
and Desai and Voldman suggested that both high strength electric fields and low 
DEP-relevant frequencies affect cell physiology (Desai and Voldman, 2008).  
The main advantages of OT over UM are its higher spatial precision and the ability 
to manipulate nanometre-sized particles and measure pN-amplitude forces (Molloy 
and Padgett, 2002; Neuman and Block, 2004). However, in biology applications, the 
high energy of focused lasers has often induced local heating of the media and 
photodamage of cells, hence eventually reducing measurement sensitivity and cell 
viability (Neuman and Nagy, 2008). Moreover, even though cell sorting has been 
implemented successfully (MacDonald et al., 2003), poor particle selectivity is still a 
drawback of OT, as any dielectric particle near the focus of the trapping laser will be 
trapped, hence requiring low concentration to prevent additional capture affecting 
the trapping performance. Furthermore, the complicated and expensive 
instrumentation, especially for realising more complex manipulation applications, 
bring difficulty in miniaturisation and integration with other systems.  
Besides individual manipulation techniques, attention has also been drawn to 
combining multiple contactless techniques in one single system, taking advantage of 
the particular properties of each technique, e.g. integrating UM and DEP (Wiklund et 
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al., 2006), and UM and OT (Thalhammer et al., 2011) to achieve precise 
manipulation of individual cell and maintain high-throughput during the operation at 
the same time.  
Given the excellent capabilities and flexibility of UM previously mentioned for 
biology applications, there are also several critical factors that need to be carefully 
considered and controlled:  
Firstly, the selectivity is highly dependent on the contrast of the target particles to 
other particles and surrounding media, expressed in terms of their densities and 
compressibilities. In some applications, the contrasts are not significant, e.g. in drug 
delivery the loaded drug delivery vehicles usually have similar parameters to the 
surrounding media and tissue, therefore potentially limiting the efficiency of 
ultrasound intervention (Mulvana et al., 2013).  
Secondly, as mentioned previous, the manipulation of individual particle in UM has 
been realised, either by simultaneously exciting multiple transducers with different 
frequencies (Manneberg, Vanherberghen, et al., 2008), by utilising ultra-high 
frequency focused ultrasound (Lee et al., 2011) or by operating arrays of relatively 
large numbers of transducers (Courtney et al., 2013), but these systems and operating 
procedures are still relatively complex and difficult.  
Thirdly, extraneous effects caused by ultrasound in UM, i.e. cavitation, excessive 
heating and acoustic streaming (Wiklund, 2012), affect the manipulation 
performance and cell viability in certain circumstances, these effects will be 
discussed further in Chapter 3.  
Lastly, the biocompatibility of physical ultrasonic devices should also be carefully 
considered, including the selection of materials and the maintenance of a 
cell-friendly environment, e.g. temperature, pH level, O2-and CO2-levels, etc.  
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Chapter 3 THEORY OF ULTRASOUND AND 
ULTRASONIC STANDING WAVE MANIPULATION 
 
3.1 Introduction 
Ultrasound is mechanical waves at frequencies that are higher than the human 
threshold of hearing. As the threshold varies for different persons, the ultrasonic 
range is conventionally taken to start at 20 kHz. The upper limit of frequency of 
ultrasound is around 1 GHz; above this range is usually called the hypersonic region 
(Cheeke, 2012).  
Because ultrasound behaves differently in solids and fluids (gases and liquids), the 
theory of ultrasonic wave propagation in materials in these forms and at boundaries 
will be introduced in Section 3.2. As the thesis concerns the use of bulk ultrasonic 
standing wave (USW) fields for cell and particle manipulation, so brief theoretical 
fundamentals of USWs and ultrasonic radiation forces will be introduced in 
Section 3.3, followed by the introduction of ultrasonic transducers, arrays and bulk 
USW manipulation devices in Sections 3.4 and 3.5. After these, discussion will 
focus on the consideration of practical ultrasound fields and the other effects 
introduced by ultrasound.  
 
3.2 Ultrasound  
3.2.1 Ultrasonic Waves 
Unlike electromagnetic waves, which can propagate in vacuum, sound (including 
ultrasound) needs a physical transmission medium to hold and transfer vibrations. 
The propagation of sound occurs because the vibrations of particles interact with 
adjacent particles within a medium, causing a spatially periodic change in pressure 
through the medium. Here, a “particle” means a small volume of the medium that 
retains all the properties of the medium, as shown in Fig. 3.1 a. Therefore, ultrasound 
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cannot propagate in vacuum, but can propagate in gaseous, liquid and solid 
materials.  
The velocity of sound, c, is equal to the product of its frequency, f, and the 
wavelength, λ, as shown in Eqn. 3.1. Since the velocity remains constant in a 
particular medium at a fixed temperature, changing the frequency will 
simultaneously change the wavelength.  
c f λ=       (3.1) 
 
Figure 3.1 Schematic diagrams of (a) a medium separated by small medium particles, 
(b) a longitudinal wave and (c) a shear wave propagating to the right (arrows). The bold 
lines indicate the planes of zero displacement. (Cheeke, 2012) 
There are two particular common types of ultrasound wave: longitudinal waves and 
shear (or transverse) waves. Longitudinal waves are those in which the particles 
oscillate in the same direction as the wave propagation, as shown in Fig. 3.1 b. Shear 
waves are those in which the particles oscillate perpendicular to the direction of 
wave propagation, as shown in Fig. 3.1 c. Acoustic waves in fluidic media (liquids 
and gases) are generally considered to be longitudinal waves (or surface acoustic 
waves in some special cases), as shear waves are barely supported. Conversely, in 
solids, the strong binding between particles can transmit a shearing strain to adjacent 
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layers and leads to shear waves. Moreover, other complex wave types, e.g. Lamb 
waves and surface acoustic waves (Rayleigh waves), can be generated and propagate 
in liquids and solids under different conditions. Therefore, the mathematical 
description of sound in fluids is much simpler than that in solids. The details of the 
mathematical models of sound propagation can be found in many basic textbooks 
about acoustics (Cheeke, 2012). 
Biological tissues are considered as heterogeneous, anisotropic and viscoelastic 
solids, so both longitudinal and shear waves can propagate in them. However, 
typically, in soft tissues, ultrasound shear waves are usually neglected because they 
are highly attenuated in the ultrasound frequency range (Laugier and Haïat, 2010). 
Exceptionally, in hard tissues, e.g. bone, both longitudinal and shear waves must be 
considered (White et al., 2006).  
As discussed earlier, during the propagation of longitudinal waves, particles in the 
medium are subject to displacements around their resting positions. Hence, each 
particle has a particle velocity, v, which is distinguished from the speed of sound, c, 
in the medium. Therefore, the pressure of a plane acoustic wave, p, in an ideal and 
lossless medium can be written as: 
p cv Zvρ= =       (3.2) 
Z cρ=       (3.3) 
where ρ is the mass density of the medium at rest. Z is called the characteristic 
acoustic impedance and written as Eqn. 3.3. Example values of acoustic impedances 
of various materials are given in Table 3.1 (Cheeke, 2012; Cobbold, 2006; Laugier 
and Haïat, 2010).  
Acoustic energy transported in the wave is usually characterised by acoustic 
intensity, I, which is defined as the average flux of acoustic energy per unit area per 
unit time in the direction normal to the considered area. For a plane acoustic wave, 
the intensity is related to the sound pressure as follows: 
2
2
pI
Z
=       (3.4) 
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Table 3.1 Characteristic acoustic impedances of various materials 
Material Density (ρ, kgm-3) 
Longitudinal velocity 
(VL, ms-1) 
Acoustic impedance 
(Z, MRayl) 
Water 998 1480 1.48 
Air 1.2 330 0.0004 
Glass 2300 5200 12 
Steel 7900 5900 46 
Aluminium 2700 6400 17 
Epoxy 1210 2700 3.25 
Polystyrene 1050 2400 2.52 
Polyethylene 920 2000 1.8 
Soft Tissue 1060 1540 1.63 
Fat 950 1450 1.38 
Bone 1912 4080 7.8 
 
3.2.2 Reflection and Transmission 
When an acoustic wave travels from one medium to another with different 
characteristic acoustic impedance or different speed of sound, reflection and 
refraction of the wave will occur at the interface between these two media. If the 
interface is smooth, where the roughness is much smaller than the wavelength, 
specular reflections occur, Fig. 3.2 a, whereas for irregular or rough surfaces, diffuse 
reflections occur, Fig. 3.2 b. When the size of the second medium is similar to or less 
than the wavelength, scattering occurs, Fig. 3.2 c.  
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       (a)         (b)       (c) 
Figure 3.2 Acoustic waves are reflected at large, smooth interfaces and scattered by 
irregular interfaces and small targets, (a) a large smooth interface, (b) a large irregular 
interface and (c) a small target. 
 
Figure 3.3 Typical cases of reflection and transmission of acoustic waves at interfaces 
between solids, liquids and gases. L - longitudinal waves; S - shear waves and SH - shear 
horizontal waves (Cheeke, 2012). 
Fig. 3.3 shows the reflections and transmissions, plus mode conversions, which 
occur at smooth interfaces between gases, liquids and solids. As discussed earlier, 
gases and fluids cannot carry shear waves, so the reflected and transmitted waves in 
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gases and fluids are all longitudinal waves. If one of the media is solid, in the case of 
oblique incidence, the refracted and transmitted waves in the solid are partially 
converted into shear waves. Hence, two types of waves exist at the same time. 
For normal incidence, the reflected and transmitted waves are also normal to the 
interface. The ratio of the reflected to the incident acoustic intensity is called the 
reflection coefficient, R, and the ratio of the transmitted to the incident acoustic 
intensity is called the transmission coefficient, T. Both reflection and transmission 
coefficients are related to the acoustic impedances of both media with relationships 
expressed as: 
2
1 2
1 2
Z ZR
Z Z
⎛ ⎞−= ⎜ ⎟+⎝ ⎠
     (3.5) 
1 2
2
1 2
41
(Z Z )
Z ZT R= − =
+
   (3.6) 
where Z1 and Z2 are the acoustic impedance of the first and second media. 
The larger the difference of acoustic impedance between those two media, the higher 
the reflection coefficient and the smaller the transmission coefficient will be. For 
example, if ultrasound propagates from water to air at normal incidence, using the 
acoustic impedances listed in Table 2.1, the reflection coefficient is calculated to be 
approximately 99.9%. Therefore, air is usually treated as a vacuum in most situations 
involving ultrasound. If the ultrasound is propagating from water to glass, the 
reflection coefficient is about 61%. 
3.2.3 Attenuation 
In practice, when an acoustic wave travels through any medium, loss of acoustic 
energy will occur during the sound propagation. The longer the distance the acoustic 
wave travels, the higher the loss of intensity it will have. These losses are called 
attenuation, which is a combination of the effects of absorption and scattering 
(Cobbold, 2006). Scattering is caused by inhomogeneities in the medium, which 
reflect acoustic waves in all different directions other than one general direction, as 
shown in Fig. 3.2 c. Absorption occurs because of the viscosity and thermal 
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conductivity of the medium, so a part of acoustic energy converts into other forms of 
energy, principally heat.  
Overall ultrasound attenuation is characterised by an exponential decrease in its 
pressure amplitude, p, with the travelling distance, x (Cobbold, 2006). 
0
Axp p e µ−=       (3.7) 
where µA is called the amplitude attenuation factor, with units cm-1 or Np·cm-1.  
Eqn. 3.7 is conventionally rewritten in terms of attenuation coefficient, α, and 
assigned a new unit, dB·cm-1:  
0
10 10
20 log 20log ( ) 8.686A A
p e
x p
α µ µ⎛ ⎞= = ⋅ ≈⎜ ⎟
⎝ ⎠
    (3.8) 
Furthermore, attenuation coefficient is dependent on frequency, temperature and 
pressure. Therefore, an empirical description of the frequency dependence of the 
attenuation coefficient can be given as 
0
nfα α=       (3.9)  
where α0 is a temperature-dependent factor with units dB·cm-1·MHz-n and n is an 
empirical constant for different materials, e.g. n = 2 for water, n = 1 for most other 
materials, and 1 < n < 2 for biological soft tissues (Cobbold, 2006).  
 
3.3 Ultrasonic Standing Wave Manipulation 
3.3.1 Ultrasonic Standing Waves 
As discussed earlier, longitudinal waves are those in which particles oscillate in the 
same direction as the wave propagation. Therefore two longitudinal ultrasonic waves 
with opposite propagation direction and equal amplitude can arise in a static pattern 
of nodes and antinodes for which there is no propagation of energy (Cheeke, 2012). 
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This resultant wave is called a USW. Thus, USWs can be easily formed by the 
configuration of the total reflection of a plane wave, as shown in Fig. 3.4.  
 
Figure 3.4 Acoustic pressure field of an ultrasound standing wave (blue), formed by a 
transmitted ultrasound (solid yellow line) and its in-phase reflection (broken red line).  
A plane acoustic wave travelling in the positive x direction in a fluid can be 
represented by the equation below: 
( ) 0, sin( )ip x t p t kxω= −      (3.10) 
where p0 is the pressure amplitude of the wave, ω is the angular frequency calculated 
by ω = 2πf; and k is the wave number calculated by k = 2π/λ. Hence the in-phase 
reflection can be represented by 
( ) 0, sin( )rp x t p t kxω= +      (3.11) 
Therefore, the superposition of the two waves will be  
( ) ( ) ( ) 0 0, , , sin( ) sin( )i rp x t p x t p x t p t kx p t kxω ω= + = − + +  (3.12) 
Then, Eqn. 3.12 can be simplified using the trigonometric sum-to-product identity as 
( ) 0, 2 sin( )cos( )p x t p t kxω=     (3.13) 
which means the resultant wave oscillates in time with twice the amplitude of the 
plane waves and has a stationary spatial dependence, cos(kx), which  defines the 
pressure nodes and antinodes. 
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3.3.2 Ultrasonic Radiation Forces 
Acoustic radiation forces are a non-linear effect. In a linear acoustic model, when a 
particle (here meaning a small object) immersed in a fluid medium is subject to an 
ultrasound field, it will experience an oscillatory force resulting from the variation of 
acoustic pressure, and the average force on the particle is zero. However, if taking 
account of the second-order term in the acoustic model and time-averaging pressure 
on the object surface, a nonzero time-averaged (steady-state) force will be found 
(Glynne-Jones, Demore, et al., 2012). This force is termed “radiation force”.  
There are two main kinds of radiation force as shown in Fig. 3.5 caused by different 
acoustic fields: primary radiation forces, FPRF, and secondary radiation forces, FSRF, 
also called Bjerknes forces, as mentioned in Chapter 2. FPRF is caused by the primary 
ultrasound field that is introduced into the medium and drives the particles towards 
the pressure nodes or antinodes of the ultrasound field. FSRF is produced because of 
mutual interactions between particles if they are close to each other in an ultrasound 
field. Therefore, the values of FSRF  are often much smaller than those of FPRF 
(Laurell et al., 2007).  
 
Figure 3.5 Schematic diagrams of primary radiation force (FPRF, red arrows) and 
secondary radiation forces (FSRF, brown dotted arrows) on three stiff and heavy spheres in a 
fluid medium subject to an ideal 1-D ultrasound field, (a) particles move towards pressure 
nodal plane by large FPRF, (b) FPRF decrease and FSRF increase during the movement, and (c) 
an agglomerate is formed and trapped in pressure nodal plane. The lengths of the arrows are 
adjusted for clarity and omitted in the agglomerate. 
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Primary Radiation Forces 
The primary radiation forces acting on small objects in an acoustic field were 
explored extensively in the literature (Doinikov, 1994, 1996, 1997; Gor’kov, 1962; 
King, 1934; Yosioka and Kawasima, 1955). 
King firstly investigated acoustic radiation forces, called “radiation pressure” in his 
paper (King, 1934), on a small, rigid, incompressible spherical object in an ideal 
(inviscid) fluid, where the wavelength of the acoustic wave is much larger than the 
radius of the object. Thus, the time-averaged force (denoted by ) on a sphere of  
radius, a, at the position, x, in a plane acoustic standing wave can be written as  
32 sin(2 )KF ka kx Eπ= Φ     (3.14) 
with an acoustic contrast factor, ФK, defined as 
21 1
3
2
f
s
K
f
s
ρ
ρ
ρ
ρ
⎛ ⎞
+ −⎜ ⎟
⎝ ⎠Φ =
+
      (3.15) 
and a time-averaged total energy-density in the medium, E , defined as 
2 21
2 f
E k Aρ=       (3.16) 
Eqn. 3.14 can be rewritten as 
2 3( ) sin(2 )f KF A ka kxπρ= Φ    (3.17) 
where ρ is the mass density of the fluid and the sphere, indicated by subscripts f and 
s respectively, A is the amplitude of the velocity potential, and k is the wave number. 
For the condition ФK > 0 (ρf / ρs < 2.5), the sphere is moved to pressure nodes. On 
the contrary, if ФK < 0 (ρf / ρs > 2.5), the sphere is moved to pressure antinodes. 
However, the condition ФK = 0 (ρf / ρs = 2.5) has not been defined in his original 
paper, but according to the eqn. 3.15, the force will be zero. Using the parameters 
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listed in Table 3.1, ФK for glass and polystyrene spheres in water are calculated as 
0.566 and 0.350, respectively. Thus, the glass and polystyrene spheres will be moved 
to the pressure nodes. 
In 1955, Yosioka and Kawasima expanded King’s theory to compressible particles 
by adding compressibility in the contrast factor. They rewrote Eqn. 3.17 as 
34 sin(2 )Y acF ka kx Eπ= Φ     (3.18) 
where Eac is the acoustic energy density, written as 
2
24ac f f
pE
cρ
=       (3.19) 
and the new acoustic contrast factor is written as 
2
1
1 1 1 23 13
s
fs
Y K
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s s
f
f f
c
c
ρ
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ρβρ
ρρ
−
⎛ ⎞
Φ =Φ − = − +⎜ ⎟⎜ ⎟⎛ ⎞ ⎝ ⎠ +⋅ ⋅⎜ ⎟⎜ ⎟⎝ ⎠
  (3.20) 
where ρ, c and β are the mass density, sound velocity and compressibility of the fluid 
and the sphere, indicated by subscripts f and s respectively. The relationship of these 
three parameters is 21 ( c )β ρ= . By plotting ФY = 0 as a function of density and 
compressibility ratios, the direction of the movement of spheres is shown in Fig. 3.6. 
The numerical values of ФY for glass and polystyrene spheres in water are calculated 
as 0.5542 and 0.2296, respectively. 
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Figure 3.6 Plot of ФY = 0 as a function of density and compressibility ratios between 
spheres and fluid. (Hill and Harris, 2007) 
The theories of both King and Yosioka and Kawasima only allow the computation of 
time-averaged forces on small spheres in plane propagating or standing waves. In 
1962, Gor’kov generalized their theories to the case of arbitrary acoustic fields, 
expressing the time-averaged force as a function of the gradients of the kinetic 
energy density kinE  and potential energy density potE  of the acoustic field 
(Gor’kov, 1962; Manneberg, 2009): 
23
2
3( )4 1
3 2
s f f f
kin pot
s f s s
caF E E
c
ρ ρ ρπ
ρ ρ ρ
⎛ ⎞⎛ ⎞⎛ ⎞−
⎜ ⎟=∇ − −⎜ ⎟⎜ ⎟⎜ ⎟⎜ ⎟⎜ ⎟+ ⎝ ⎠⎝ ⎠⎝ ⎠
  (3.21) 
where  kinE  and potE  of a plane standing wave can be written as (Gröschl, 1998): 
2sin ( )kin acE E kx=      (3.22) 
2cos ( )pot acE E kx=      (3.23) 
As these are related to the acoustic pressure, p, and the acoustic velocity, u, so they 
can also be simplified and written as (Glynne-Jones, Demore, et al., 2012): 
  
Chapter 3 
45 
21
2kin f
E uρ=      (3.24) 
2
2
1
2pot f f
E p
cρ
=      (3.25) 
The theories of King, Yosioka and Kawasima, and Gor’kov are all based on inviscid 
fluids. Doinikov took into account fluid viscosity and heat conduction in the 1990s. 
He found that the acoustic radiation forces on spheres in standing waves do not 
strongly depend on the fluid viscosity, but those in propagating waves are usually 
larger by orders of magnitude than the previous theories based on inviscid fluids 
(Doinikov, 1994, 1996). He also found that the forces on compressible spheres in 
heat-conducting fluids are negligible for plane standing waves (Doinikov, 1997).  
In Doinikov’s paper (Doinikov, 1996), by adding an additional term in the acoustic 
contrast, Eqn. 3.20, the viscosity is taken into account for a compressible sphere: 
2
1
3 2 1
s
f f
D Y
s
f
a
ρ
ρ δ
ρ
ρ
⎛ ⎞−⎜ ⎟
⎜ ⎟Φ =Φ +
⎜ ⎟+⎜ ⎟
⎝ ⎠
    (3.26) 
where δf is the penetration depth of the fluid, related to the dynamic viscosity of the 
fluid, ηf, and the angular frequency of the sound field, ω, by  
2 ( )f f fδ η ρ ω=      (3.27) 
From Eqn. 3.27, it can be seen that when the size of the sphere decreases, the 
contribution of the viscosity to the acoustic force increases. For a glass sphere of 
10 µm radius in water (ηf = 10-3 Pa·s) subject to a 1 MHz USW, δf is calculated as 
0.565 µm, giving a contrast factor ФD = 0.5634, which is only 1.7% larger than ФY. 
Therefore, for the radii of particles mentioned in this thesis, in the range 5 - 25 µm, 
the effect of the fluid viscosity on the primary radiation forces can be omitted.  
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Secondary Radiation Forces 
Primary radiation forces are caused by the interaction between a single particle and 
the primary acoustic field. However, when multiple particles are present and close to 
each other in the acoustic field, the scattered fields from the particles will also 
acoustically generate forces between the particles themselves. These particle-particle 
interactions are known as secondary radiation forces (Gröschl, 1998). The forces 
strongly depend on the distance between the particles. Hence, they are usually 
negligible until the particles are in close proximity, e.g. after they have already been 
moved to pressure nodal planes by primary radiation forces.  
The secondary radiation forces were experimentally studied by Crum using air 
bubbles in a 60 Hz stationary sound field (Crum, 1975). Later, based on Crum’s 
results, Weiser et al. calculated the secondary radiation force between two identical 
compressible spheres with radii, a, and separation, d, in a plane acoustic standing 
wave, where k·a << 1 and k·d << 1 (Gröschl, 1998; Weiser et al., 1984): 
2 2 2 2
6 2 2
4 2
( ) (3cos 1) ( )
4 ( ) ( )
6 9
s f f s f
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f
F a v x p x
d d
ρ ρ θ ω ρ β β
π
ρ
⎛ ⎞− − −
= −⎜ ⎟⎜ ⎟⎝ ⎠
   (3.28) 
where θ is the angle between the centreline of the two spheres and the direction of 
sound propagation; v(x) and p(x) are the velocity and pressure of the unperturbed 
incident field at the positions of the particles; and it is assumed that the two spheres 
experience the same velocity and pressure, i.e. v(x) = v(x+d) and  p(x)= p(x+d).  
Generally, secondary radiation forces become significant only when the distance, d, 
is very small. The first term of Eqn. 3.28 vanishes at the velocity nodes (pressure 
antinodes) of the standing wave, so it does not affect flexible and light objects, e.g. 
bubbles. On the contrary, the second term vanishes at the pressure nodes (velocity 
antinodes). Thus, the second term does not affect the objects that move towards the 
pressure nodes, e.g. most cells and solid spheres. 
The direction of the first term in Eqn. 3.28 depends on the angle θ. If θ = 0, the first 
term represents a repulsive force contribution, which can sometimes lead to a fine 
structure splitting of bands of particles, e.g. red blood cells (Weiser et al., 1984). If 
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θ = 90°, the force contribution is attractive; therefore, it helps forming aggregates 
after solid particles are moved into the pressure nodal planes. The second term is 
independent of the angle θ and always represents an attractive force; therefore it 
helps forming bubble clusters, as shown in Fig. 3.7. 
 
Figure 3.7 The secondary radiation forces on the bubbles and cells in a fluid subject to 
an ultrasound standing wave. 
 
3.4 Ultrasonic Transducers and Arrays 
3.4.1 Piezoelectricity 
Ultrasonic waves can be excited by many different methods, including 
piezoelectricity, magnetostriction, and the photoacoustic effect. Of these, the 
piezoelectric effect is the most common (Cheeke, 2012). 
In 1880, the Curie brothers discovered that applying mechanical stresses to certain 
materials could generate electric charges on the conducting surfaces of the materials 
(Cheeke, 2012). This phenomenon is named the piezoelectric effect. The generated 
electric charge is proportional to the applied mechanical stress. Moreover, the 
piezoelectric effect is a reversible process, hence a material that exhibits the direct 
piezoelectric effect, Fig. 3.8 b and c, will also exhibit the converse piezoelectric 
effect, Fig. 3.8 d and e. Thus, piezoelectric ultrasonic transducers convert 
mechanical energy to electric by the direct piezoelectric effect and convert electric 
energy to mechanical by the converse piezoelectric effect. 
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Figure 3.8 Illustrations of direct and converse piezoelectric effects: (a) a piece of poled 
piezoelectric material; (b) by compressing the material, a voltage is generated with a polarity 
the same as the poling voltage; (c) by stretching the material, a voltage is generated with a 
polarity opposing the poling voltage; (d) the material is lengthened by applying a voltage 
with the same polarity as the poling voltage; and (e) the material is shortened by applying a 
voltage with opposite polarity to the poling voltage. 
 
3.4.2 Ultrasonic Transducers  
A typical structure of a piezoelectric ultrasonic transducer is shown in Fig. 3.9. It 
always has a layer of piezoelectric material with thin electrode layers, e.g. gold or 
silver, on both sides and connected with wires. Matching layers are placed on the 
front face of the piezoelectric material, using for matching the acoustic impedance 
between the piezoelectric material and the load medium, e.g. water or tissue, to 
improve the energy transmission. For a stack of normal quarter-wavelength matching 
layers, the material of each matching layer is chosen according to Eqn. 3.29 
(Jackson, 1984):  
11 n i in
i piezo loadZ Z Z− ++=      (3.29) 
where n is the number of layers in the matching layer stack, n= 1, 2, 3,…, i.  
Backing layers are placed on the other side of the piezoelectric layer for different 
purposes, e.g. to reduce ringing (continued vibration) of the element, to attenuate and 
absorb the acoustic energy, or to reflect the acoustic energy. Depending on the 
purpose of the backing layer, the material is chosen according to Eqns. 3.5, 3.6 and 
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3.9. The whole assembly can then be housed in a casing that provides electrical 
insulation and structural support.  
 
Figure 3.9 Schematic diagram of a piezoelectric ultrasonic transducer 
The antiresonant frequency of a piezoelectric material, fa, is related to the thickness, 
Th, of the material and the longitudinal velocity of sound, vL, in the poling direction 
of the material, through: 
2
L
a
h
vf
T
=       (3.30) 
When internal losses are not taken into account, fa equates to the frequency of 
maximum impedance, fn, and the parallel resonant frequency, fp. The resonant 
frequency, fr, equates to the frequency of minimum impedance, fm, and the series 
resonant frequency, fs, as shown in Fig. 3.10. However, for lossy cases, the 
relationships are fa < fp< fn and fr > fs > fm (“IEEE Standard on Piezoelectricity”, 
1988). 
 
Figure 3.10 Resonant and antiresonant frequencies of a piezoelectric material shown in 
an impedance spectrum 
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The relative difference between the frequencies fs and fp depends on both the 
material coupling factor and the resonator geometry. Hence, an effective coupling 
factor has been used to measure this difference (“IEEE Standard on 
Piezoelectricity”, 1988): 
2 2
2
p s
eff
p
f f
k
f
−
=     (3.31) 
Also the transducer figure of merit, M, is defined in terms of keff and the mechanical 
quality factor, Q, as follows: 
2
21
eff
eff
k Q
M
k
⋅
=
−
     (3.32) 
Generally, ultrasound transducers with M > 50 can be considered as low loss and the 
relationships fa = fp = fn and fr = fs = fm apply. 
In practice, ultrasound is transmitted from a piezoelectric transducer of a finite 
width, so diffraction effects must be considered. Thus, the ultrasound intensity along 
the ultrasound beam is affected by wave interference and generates extensive 
fluctuations near the source, in what is known as the near field (Fresnel region), as 
shown in Fig. 3.11. The region beyond the near field is called the far field 
(Fraunhofer region), where the ultrasound beam is more uniform and the intensity is 
smoothly declining. The beam just beyond the near field usually has maximum 
strength and spreads spherically. The distance from the ultrasound source to the 
boundary between the near field and the far field, N, is related to the width of the 
ultrasound source, D, and the wavelength in the medium, λ, as 
 
2
4
DN
λ
=       (3.33) 
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Figure 3.11 A cross section of the acoustic field of a plane piezoelectric ultrasonic 
transducer. 
 
3.4.3 Ultrasonic Transducer Arrays 
A transducer with a single element cannot satisfy many practical applications, 
especially in medical imaging and non-destructive testing. Instead, the use of 
multiple transducer elements and dynamic control of each element can achieve 
electronic beam steering, focusing and scanning, which usually come with the 
benefits of reduction of test time, and better reliability and quality of the 
measurements. Typical ultrasonic transducer array configurations are shown in 
Fig. 3.12. 
 
Figure 3.12 Examples of the geometries of transducer arrays: (a) 1-D linear array, (b) 
circular or curved array, (c) annular array, (d) 1.x-D array, and (e) 2-D array 
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Linear arrays, Fig. 3.12 a, have a number of transducer elements arranged in a line. 
Each element has the same rectangle shape with width in the lateral direction and 
height in elevation direction. The distance between the centres of two adjacent 
elements is defined as the pitch, and the gap between them is called the kerf. The 
pitch is often smaller than one wavelength. In the operation of a linear array, only a 
subset of elements is activated each time to transmit or receive, and a scan is realised 
by altering the active elements, as shown in Fig. 3.13 a. The ultrasound beam is 
transmitted perpendicular to the element surface giving a smaller activated aperture 
than the whole transducer. If a phase delay is introduced into the signal applied to 
each element of the linear array, ultrasound beam focusing and steering can be 
achieved, as shown in Fig. 3.13 b. Linear arrays with phase delay control in which 
all the elements of the array are active as one set are called phased linear arrays.  
 
Figure 3.13 Skematic diagram of  (a) electronic scanning of 1-D linear arrays, (b) 
electronic focusing and steering of 1-D phased linear arrays  
 
Circular or curved arrays, Fig. 3.12 b, are similar to linear arrays, but the physical 
arrangement of the elements is curved, i.e. concave or convex, giving a highly 
focused beam shape and a sectorial beam shape, respectively.  
Annular arrays, Fig. 3.12 c, consist of concentric ring elements and a central round 
element. All these elements usually have equal area to keep the electrical impedance 
similar. Annular arrays are usually controlled with dynamic phase delays to achieve 
an adjustable focused beam.  
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1.x-D arrays, Fig. 3.12 d, are also similar to linear arrays, but with multiple 
elements in the elevation direction so that both directions can be dynamically 
controlled with phased delays. Depending on the number, size and symmetry of the 
separate elements in the elevation direction, these arrays can be classified as 1.25-D, 
1.5-D, or 1.75-D.  
2-D arrays, Fig. 3.12 e, usually have a large number of elements forming a matrix. 
The ultrasound beam can be fully steered in 2-D allowing maximum electronic 
control flexibility. However, the cost is usually extremely high because of the 
difficulties in fabrication and electrical interconnection, and the complex electronic 
control systems that are needed. 
 
3.5 Bulk Ultrasonic Standing Wave Manipulation Devices 
As mentioned previously, two longitudinal ultrasonic waves with opposite 
propagation direction and equal amplitude can form a USW with a static pattern of 
pressure nodes and antinodes. Such bulk USWs can be formed by using several 
different configurations:  
(1) Multilayer resonant structures, where an incident ultrasonic wave from 
a single ultrasonic transducer combines with its reflection from a 
dimensionally-stable and relatively high acoustic impedance reflector, 
Fig. 3.14 a (e.g. Glynne-Jones, Boltryk, et al., 2012);  
(2) Counter-propagating structures, where two incoming waves generated 
from two opposing paired ultrasonic transducers form the ultrasound standing 
wave by their interference, Fig. 3.14 b (e.g. Courtney et al., 2010);  
(3) The Lund method, where an ultrasonic standing wave is formed between 
two sidewalls of a channel by placing an ultrasound source underneath a half-
wavelength-width channel, Fig. 3.14 c (e.g. Nilsson et al., 2004).  
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Figure 3.14 Three common configurations of the particle manipulation devices based on 
bulk USWs, (a) multilayer resonant structure, (b) counter-propagating structure, and (c) the 
Lund method. 
 
The multilayer resonant structure generally generates higher pressure standing waves 
with lower driven power than the other configurations because of the high Q of the 
resonant chamber. The counter-propagating structure has the ability of easy 
modulation of the standing wave field by tuning the relative phase of the two 
opposing ultrasound waves, as shown in Fig. 3.15. The Lund method has the 
standing wave set up laterally and orthogonally to the flow channel, which makes it 
easy to integrate into microfluidic systems to achieve particle separation, as shown in 
Fig. 3.16. Generally, in the device design, the configuration of the device depends on 
its application and purpose. 
 
Figure 3.15 (a) Schlieren images of pressure field modification, and (b) photographs of 
trapped particle agglomerates, achieve by tuning the relative phase, ΔФ, of two opposing 
ultrasound waves (Courtney et al., 2010) 
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Figure 3.16 Illustration of particle separation in the Lund method. (a) Particles are 
separated by the acoustic radiation forces; (b) separated particles are collected by different 
outlets. (Petersson et al., 2007) 
 
3.6 Discussion 
3.6.1 Consideration of Real Field Geometry  
Lateral radiation forces  
In practice, real USW fields have variations in the lateral direction, which generate 
lateral radiation forces that can move particles towards particular points within the 
nodal or antinodal planes. The inhomogeneity of the field can be caused by different 
reasons, such as finite width and inhomogeneities of ultrasound sources, coupling 
modes because of structures, and ultrasound near-field effects (Gröschl, 1998; Hill 
and Harris, 2007). The lateral radiation force can also be calculated by using 
Eqn. 3.21. Moreover, for stiff and dense particles, which are moved to pressure 
nodal planes (velocity antinodal planes) by primary radiation forces, the lateral 
radiation forces, FLAT, resulting from velocity gradients in the lateral direction can be 
approximately expressed as (Gröschl, 1998): 
2
0
2
0ˆ ˆ( )ˆLAT f aF a u u uπρ ω= −      (3.34) 
where ρf denotes the fluid density, a is the radius of the particle, û0 is the 
displacement amplitude of the ultrasound at the centre of the particle, and ûa is the 
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displacement amplitude at the surface of the particle. As can be seen, the greater the 
difference in displacement amplitude between the centre and the surface of the 
particle, the larger the lateral radiation forces it will generate.  
 
Gravity and buoyancy forces 
In practice, particles suspended in liquids are subject to gravity and buoyancy forces. 
Under the influence of these forces, the trapped particles are no longer located 
exactly at pressure nodal or antinodal planes. Thus, for the setup shown in Fig. 3.5, 
by considering gravity, FG, and buoyancy, FB, vectored in the ultrasound propagation 
direction, the resulting force can be written as Eqn. 3.37 after combining Eqns. 3.18, 
3.19, 3.35 and 3.36: 
FG =Vρsg      (3.35) 
B fF V gρ=      (3.36) 
 F + FB − FG =Vs g(ρ f − ρs )−
3kP2
ρ f c f2
ΦY sin(2kx)
⎛
⎝⎜
⎞
⎠⎟
   (3.37) 
As can be seen from Eqn. 3.37, if the particles are too light or too heavy, i.e. 
B GF F F− > , they cannot be trapped by acoustic radiation forces. If 
FB − FG ≤ F , the positions of the particles depend on the signs of the forces, so 
they may lie either above or below the nodal or antinodal planes. 
Stokes Drag Forces 
When particles move in a fluid, it will also be affected by drag forces, Stokes-drag 
forces. For a sphere of radius, a, in a low Reynold’s number flow (e.g. laminar flow), 
the Stokes drag force is related to the dynamic viscosity of the fluid, ηf, and the 
relative velocity between the fluid and the sphere, vr, as 
6D f rF avπη=      (3.38) 
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As discussed earlier, acoustic radiation forces are proportional to the volume, thus 
for larger particles their acoustic radiation forces will dominate the motion, while the 
Stokes drag forces will dominate for smaller particles. The Stokes drag force usually 
counteracts the acoustic radiation force and can rapidly leads to a constant speed on 
the particle. The time to achieve this force equilibration is on the order of 10-7 – 10-5 
second in most of microfluidic systems (Manneberg, 2009). Therefore, in practice, 
the acoustic radiation forces can be estimate by the measurement of the particle 
velocities with other techniques, e.g. particle image velocimetry (PIV) (Santiago et 
al., 1998). 
 
3.6.2 Other Effects Introduced by Ultrasound 
Thermal effects 
When an ultrasound transducer is operated, the temperature will rise due to the 
electromechanical losses in the piezoelectric layer of the transducer. Moreover, the 
absorption of acoustic energy within the fluid and other adjacent layers will also 
cause the temperature to rise. The localised heat will then be conducted into the 
whole structure, including the targeted particles or cells. The magnitude of the 
temperature rise highly depends on the input power, the piezoelectric properties of 
piezoelectric layer, and the size and configuration of the whole structure of the 
device (Hill and Harris, 2007). Moreover, the light transmitted from the condenser of 
a microscope illumination system can also potentially heat up the whole structure of 
the USW manipulation devices during experiments. 
When dealing with cells or other biological moieties, the temperature rise causes 
thermal bioeffects, which are closely related to cell viability and proliferation 
(Richter et al., 2010). Moreover, the temperature rise may also change the resonance 
frequency of the ultrasound transducer, thereby affecting the performance of 
manipulation devices. Heat conduction will also reinforce the other effect, acoustic 
streaming, causing difficulty in handling particles (Hamilton et al., 2003), which will 
be discussed in the next subsection.  
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The bioeffects of heat are highly diverse and dependent on different factors, 
including cell type, heating rate, and the times of retained and elevated temperature 
(Wiklund, 2012). Temperature effects on human cells are summarised in Fig. 3.17. 
The optimal temperature for culturing mammalian cells is 37ºC, with a tolerance of 
about ± 1ºC. This tolerance temperature also corresponds to the safety definition 
used for ultrasound medical imaging, the thermal index (TI), which is defined as the 
ratio of the transmitted acoustic power divided by the power required to increase the 
temperature by 1ºC (Nelson et al., 2009). TI = 1 indicates the risk of increasing the 
temperature approximately 1°C on the target tissue. The British Medical Ultrasound 
Society states that “a temperature elevation of less than 1.5 °C is considered to 
present no hazard to human or animal tissue, including a human embryo or foetus” 
(BMUS, 2000). 
 
Figure 3.17 Overview of the temperature dependence of different observed bioeffects 
for human and mammalian cells (Wiklund, 2012). 
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It follows that the effective methods of temperature control need to be considered 
carefully in device design and operation, especially for devices used for biology 
applications. Of particular value is that resonance tracking systems can be added into 
the driving electronics of manipulation devices to maintain and stabilise the 
performance of the devices, e.g. a tracking system used for high power ultrasound 
applications (Kuang et al., 2014).  
Acoustic Streaming 
Acoustic streaming is a steady-state fluid flow generated by an oscillatory acoustic 
field and is usually classified into one of three types: Eckart streaming (container 
scale, scale >> λ), Rayleigh streaming (wavelength scale, scale ≈ λ) and Schlichting 
streaming (viscous boundary layer scale, scale << λ), as shown in Fig. 3.18 (Hill and 
Harris, 2007; Kuznetsova and Coakley, 2007; Spengler et al., 2003).  
 
Figure 3.18 Three types of acoustic streaming: (a) Eckart streaming, (b) Rayleigh and   
Schlichting streaming. The black arrows indicate the streaming directions. (Kuznetsova and 
Coakley, 2007). 
Eckart streaming is generated due to the attenuation of propagating waves in the 
fluid which always cause propulsion away from acoustic sources. It sometimes can 
be large enough to influence the aggregation of particles by dragging individual 
particles away from the aggregate, hence limiting the size of aggregates. Rayleigh 
streaming occurs as a series of vortices distributed in a thickness of λ/4 in the 
direction normal to the pressure nodal planes of standing waves. It occurs because of 
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energy dissipation and associates with the viscous boundary layer of the fluid. 
Schlichting streaming relates to Rayleigh streaming and occurs within the viscous 
boundary layer itself (Hill and Harris, 2007; Kuznetsova and Coakley, 2007). 
Acoustic streaming usually limits the ability of radiation forces to manipulate the 
particles and disturbs the pattern of particle agglomerates by introducing extra 
undesired Stokes-drag forces (Eqn. 3.38) on the targeted particles (Manneberg et al., 
2009; Spengler et al., 2003). In particular, Stokes-drag forces become more 
dominant than acoustic radiation forces as the size of a particle decreases, i.e. 
particles with diameters less than 1 µm, hence limiting the particle sizes that 
ultrasonic manipulation can handle (Kuznetsova and Coakley, 2004; Kuznetsova et 
al., 2005). Moreover, acoustic streaming associated with cavitation has the potential 
to cause cell damage through shear stresses from the violent streaming fluid flow 
(Hughes and Nyborg, 1962). However, acoustic streaming sometimes may provide 
distinct benefits in overcoming challenges presented by low Reynolds number flows 
in some microfluidic applications (Wiklund, Green, et al., 2012).  
Ultrasound Cavitation 
Cavitation is a physical phenomenon in which gas filled cavities, i.e. bubbles,  are 
formed in a fluid medium (Wiklund, 2012). Driving a low frequency ultrasound 
transducer, typically less than 1 MHz, can efficiently form such bubbles, as shown in 
Fig. 3.19. The threshold of ultrasound cavitation depends on both frequency and 
pressure of the ultrasound. Hence, generally, ultrasound with f > 1 MHz has been 
used in ultrasonic manipulation devices to reduce the likelihood of ultrasound 
cavitation. Nevertheless, there is no guarantee that cavitation will not occur in this 
frequency range (Barnett et al., 1994). Ultrasound cavitation can be classified as 
stable (non-inertial) cavitation and transient (inertial) cavitation (Leighton, 1994). 
Stable cavitation refers to a less energetic dynamic and typically produces highly 
localized acoustic streaming that may generate shear stresses and cause membrane 
rupture on nearby cells. Transient cavitation is associated with violent bubble 
collapses, causing localised high pressure and temperature and high velocity liquid 
jets. This is sometimes useful in some applications, e.g. focused ultrasound surgery 
and sonoporation, but not in particle manipulation. 
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Figure 3.19 Ultrasound cavitation produced in water by a focused ultrasound transducer 
(Lauterborn and Kurz, 2010). 
Similarly to using thermal index to estimate the risk of thermal effects, mechanical 
index, MI, is used for estimating the risk of cavitation. MI is defined as the ratio of 
the peak negative pressure, PNP, MPa, of the ultrasound to the square root of the 
ultrasound frequency, f, MHz: 
 MI PNP f=      (3.39) 
Hence, general guidelines to reduce the likelihood of cavitation are:  
(1) To reduce the presence of potential cavitation nuclei in fluids, e.g. by using 
degassed fluids. 
(2) MI ≤ 0.7 is preferred to minimise the possibility of cavitation (Apfel and 
Holland, 1991).  
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3.7 Conclusions 
In this chapter, the theoretical fundamentals of ultrasound and USW manipulation 
have been briefly introduced, including the theory of wave propagation, the 
formation of USWs, the bases of ultrasonic radiation forces, and the fundamentals of 
ultrasonic transducers, arrays and bulk standing wave manipulation devices. Primary 
radiation forces are the most important forces used to realise the ultrasound particle 
manipulation (Hill and Harris, 2007). King’s method to predict primary radiation 
forces is based on a small, rigid, incompressible spherical object in an inviscid fluid. 
Yosioka and Kawasima then expanded King’s theory to compressible particles. 
Gor’kov used a different approach to generalise the previous theories to arbitrary 
acoustic fields, achieving identical results to Yosioka and Kawasima for plane 
standing waves. Doinikov took fluid viscosity and heat conduction into account, and 
found that both have negligible effects on the primary radiation forces on a sphere in 
a plane standing wave. Generally, the main difference between the methods is the 
definition of the acoustic contrast factor, Table 3.2, hence giving slight changes in 
the results of the calculated primary radiation forces, as listed in Table 3.3.  
Table 3.2 Comparison of the acoustic contrast factors defined by King, Yosioka and 
Kawasima, and Doinikov with some examples of glass and polystyrene spheres of radius, 
a= 5 and 10 µm, in water subject to 1 MHz plane USWs, respectively. 
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Glass  
a = 5 0.56592 0.5542 0.57253 
a = 10 0.56592 0.5542 0.56337 
Polystyrene  
a = 5 0.35012 0.22964 0.22972 
a = 10 0.35012 0.22964 0.22968 
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Table 3.3 The maximum PRFF , N, of glass and polystyrene spheres of radius, a=5 
and 10 µm , in water subject to 1 MHz plane USWs of 1 MPa pressure amplitude, calculated 
by King, Yosioka and Kawasima, and Doinikov, respectively. 
 King Yosioka and Kawasima Doinikov 
Glass 
a = 5 4.3159×10-10 4.2266×10-10 4.3664×10-10 
a = 10 3.4528×10-9 3.3813×10-9 3.4372×10-9 
Polystyrene 
a = 5 2.6702×10-10 1.7513×10-10 1.7520×10-10 
a = 10 2.1361×10-9 1.4011×10-9 1.4013×10-9 
 
Besides the primary radiation forces, in practical microparticle manipulation, other 
forces also need to be considered, including secondary radiation forces, lateral 
forces, gravity and buoyancy forces. The secondary and lateral radiation forces 
mainly contribute to the formation of agglomerates after the particles have been 
moved into the nodal or antinodal planes. Moreover, ultrasound array manipulation 
devices, the main content of this thesis, rely heavily on the lateral radiation forces to 
realise lateral manipulation, which will be discussed further in Section 5.4.2.  
In order to achieve good manipulation results, other effects introduced by ultrasound 
also need to be carefully considered, i.e. thermal effects, acoustic streaming and 
cavitation. Especially when dealing with cells, all these effects will strongly affect 
cell viability in certain circumstances.  
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Chapter 4 MATERIALS 
 
4.1 Introduction 
In any USW manipulation devices, both piezoelectric and passive materials are used. 
The piezoelectric materials are important because the output acoustic energy 
strongly depends on the performance of the piezoelectric material that is used in the 
ultrasonic transducers, directly affecting the amplitude of the acoustic radiation 
forces. Thus, Section 4.2 presents the selection of piezoelectric materials that are 
suitable for the USW manipulation applications. Moreover, the consideration of 
those selected piezomaterials will be addressed in detail. 
Apart from the piezoelectric materials, in a strongly resonant USW manipulation 
device, passive materials also play an important role in the formation of USWs in 
fluid chambers or channels, and their mechanical and acoustic properties should also 
be considered. Thus, Section 4.3 presents the selection of passive materials that can 
be used in the devices. 
 
4.2 Piezoelectric Materials 
Although an ultrasonic transducer can use any piezoelectric material as the active 
element, e.g. piezoceramics, piezopolymers, monolithic single crystals or 
piezocomposites, the basic specifications of USW manipulation devices and the 
device applications restrict the selection of the piezoelectric materials in practice. As 
outlined in Chapter 3, the basic specification of USW particle manipulation devices 
and their corresponding requirements in choosing piezoelectric materials can be 
summarised in Table 4.1. 
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Table 4.1 The basic specification of USW particle manipulation devices with the 
corresponding requirements in the selection of piezoelectric materials   
Specifications of devices Requirements of piezoelectric materials 
High frequency (> 1 MHz) to reduce the 
likelihood of cavitation and to achieve 
satisfactory spatial distribution of the 
targeted particles or cells 
Compatible resonant frequency constant 
High acoustic radiation forces generated 
with low voltage electronics 
High electromechanical coupling 
coefficient, kT , and transmission 
coefficient, d33 
Continuous wave (CW) or near-CW drive 
whilst maintaining a stable temperature for 
cells with minimal heating 
Low dielectric loss and high mechanical 
quality factor, Qm 
Electrical impedance matching between 
transducer and control electronics 
Compatible dielectric constant 
Biocompatibility of materials Surface treatment 
Commercialisation friendly High manufacturability and low cost 
 
4.2.1 Piezoceramics 
The most common and widely used piezoceramic material in ultrasonic transducers 
is lead zirconate titanate (PZT, Pb(ZrxTi1-x)O3, 0 ≤ x ≤ 1), which was formulated in 
the 1950s by Bernard Jaffe (Jaffe et al., 1954, 1971; Jaffe and Berlincourt, 1965). 
PZT has better piezoelectric properties, e.g. electromechanical coupling coefficient, 
kT ≈ 0.5, than other earlier piezoelectric materials, such as quartz, Rochelle salt and 
ammonium dihydrogen phosphate (ADP) crystals and the first piezoceramic, barium 
titanate (BaTiO3). With different compositions, i.e. different ratios of Zr/Ti and 
dopants, various forms of PZT have been developed and are commercially available 
for virtually any ultrasonic application. The key mechanical and piezoelectric 
properties of some commonly used PZT compositions are shown in Table 4.2.  
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Table 4.2 Key piezoelectric properties of some common PZT ceramics  (Ferroperm 
Piezoceramics A/S, Denmark) 
 Symbol (unit) PZ26 (PZT-4) 
PZ27 
(PZT-5A) 
PZ29 
(PZT-5H) 
PZ28 
(PZT-8) 
Density  ρ (kgm-3) 7700 7700 7460 7700 
Longitudinal 
speed of sound  vL (m/s) 4523 4331 4498 4444 
Acoustic 
impedance Z (MRayl) 34.828 33.348 33.557 34.219 
Relative 
permittivity at 
constant stress 
ε33,rT 1325.63 1802.77 2874.16 989.52 
Relative 
permittivity at 
constant strain 
ε33,rS 700 913.73 1221.61 509.78 
Curie 
temperature TC  (°C) 330 350 235 330 
Thickness mode 
coupling 
coefficient 
kT 0.4706 0.4692 0.5243 0.4749 
Longitudinal 
coupling 
coefficient 
k33 0.6837 0.6989 0.7523 0.6874 
Transmission 
coefficient  d33 (pC/N) 328 425 574 275 
Mechanical 
quality factor Qm 2714 89 76 970 
 
Piezoceramics can be classified as soft or hard from their properties. Hard 
piezoceramics have a low dielectric loss and a high Qm. These factors make them 
suitable for the USW particle manipulation application, where the efficiency of 
power transmission is a key concern. Soft piezoceramics have higher permittivity, 
sensitivity and displacement, but higher loss and lower Qm. These make them 
suitable for sensing applications, e.g. underwater SONAR. In Table 4.2, PZ26 and 
PZ28 are hard piezoceramics, and PZ27 and PZ29 are soft. In this thesis, the 
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piezoceramic PZ26 was selected and used in some devices because of its k33 and kT, 
high Qm and low cost. 
PZT can be processed in bulk, thick-film and thin-film forms in applications, 
according to their individual characteristics. Commercial piezoceramics are usually 
manufactured in bulk form, which involves pressing a combination of raw material 
powders into desired shapes and sizes under a high temperature (1100 – 1700 °C). 
Because of this manufacturing process, bulk piezoceramics are usually mechanically 
strong, dense and with low porosity. As a trade-off, bulk piezoceramics tend to be 
relatively thick, e.g. ≥ 500 µm; therefore additional machining processes may be 
required to achieve a desired thickness and final shape during the fabrication of 
transducers. This also limits their applications in miniature and complex devices, e.g. 
micro- and nano-electromechanical systems (MEMS and NEMS).  
Alternatively, devices that require piezoelectric features less than 200 µm thick can 
be fabricated using thick film and thin film technologies. However, these films are 
usually deposited on substrates. If the substrate is much thicker than the deposited 
PZT film, the effective piezoelectric response of the PZT film will be very different 
from that of the bulk PZT, because the in-plane clamping of the substrate yields 
stress within the film. Therefore, the effective transverse piezoelectric coefficient, 
e31,f, and  effective longitudinal piezoelectric coefficient, d33,f , are related to the bulk 
ceramic values as (Trolier-McKinstry and Muralt, 2004): 
31 13
31, 31 33
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f E E E
d ce e e
s s c
= = −
+
     (4.1) 
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11 12
2 E
f E E
sd d d
s s
= −
+
     (4.2) 
where sij, cij and dij are elastic, stiffness and piezoelectric coefficients for the bulk 
material, respectively. As can be seen by inspection, the absolute value of e31,f is 
always larger than that of e31 and d33,f  is always smaller than d33. Thick and thin film 
technologies and their advantages will be discussed further in Chapter 5.  
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Despite the success of the PZT family, its lead content, more than 60%wt, has raised 
more and more environmental concerns in recent years (Cross, 2004; Saito et al., 
2004). Hence, many material scientists are now working on the development of 
lead-free piezoceramics that are more environmentally benign, to replace PZT. 
However, no suitable substitutes have been found to date, because of poor physical 
durability and feeble piezoelectric effects (Aksel and Jones, 2010; Rödel et al., 
2009). Therefore, lead-free piezoceramics are not considered for the devices 
mentioned in this thesis, but may be worth considering in the future. 
4.2.2 Piezopolymers 
Piezoelectric polymers are attractive in fabricating flexible devices. They also have 
high piezoelectric stress constants and low elastic stiffness, which give them 
advantages in producing high sensitivity sensors, e.g. hydrophones. However, these 
materials have very low d33, e.g. the typical value for polyvinylidene fluoride 
(PVDF) is 20 - 25 pC/N (Heywang et al., 2008) and they are therefore not suitable 
for USW particle manipulation applications. 
4.2.3 Piezocrystals 
When the Curie brothers discovered the piezoelectric phenomenon in quartz and 
Rochelle salt, those piezocrystals started to play important roles in acoustic 
applications. Although in most applications, the early piezocrystals have been 
replaced by PZT, some of them are still popular in some applications, e.g. LiNbO3, 
LNO. Moreover, relaxor-based ferroelectric single crystals, e.g. Pb(Zn1/3Nb2/3)O3-
PbTiO3, PZN-PT and Pb(Mg1/3Nb2/3)O3-PbTiO3, PMN-PT, have drawn extensive 
attention over the last three decades because of their extremely high piezoelectric 
properties. In this subsection, LNO and PMN-PT will be discussed and considered 
for USW manipulation applications. 
LNO 
LNO, with the crystal class 3m, is well known for its use in acoustic, optic and 
electro-optical devices, because of its wide range of physical properties, including 
piezoelectricity, pyroelectricity, optical birefringence and second harmonic 
generation (Weis and Gaylord, 1985). LNO has a very high Qm, up to 10000, and a 
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high Curie temperature (TC), up to 1200 ºC. Therefore, it has been utilised in 
ultrasonic devices for high-temperature NDT (Schmarje et al., 2007) and high power 
FUS (Kotopoulis et al., 2011). Moreover, the optical transparency of LNO is also 
potentially useful in combining acoustic and optical particle manipulation into one 
hybrid system (Brodie et al., 2014). 
As a highly anisotropic crystal, LNO with different orientations has different 
piezoelectric properties. Therefore, the orientation and geometrical form are selected 
by considering their effective electromechanical coupling coefficients and the purity 
of the vibration modes. Fig. 4.1 shows the angle between the quasi-longitudinal 
wave displacement vector and the plate normal, φ, and effective coupling factors, keff, 
for rotated Y-cuts of LNO (Warner et al., 1967). As can be seen, Z-cut (Y-90°) gives 
a pure longitudinal mode, but the coupling coefficient is only 0.17. Instead, although 
Y-36° cut is quasi-longitudinal, with φ = -1.6°, it has the highest coupling 
coefficient 0.49, which is about three times that of Z-cut. Therefore, Y-36˚ cut LNO 
is preferred for USW manipulation application. Moreover, this cut has a very high 
resonant frequency constant, of about 3.3 MHz/mm, allowing thicker piezoelectric 
elements at high frequencies compared to conventional piezoceramics.  
 
Figure 4.1 Angle between quasi-longitudinal wave displacement vector and the plate 
normal, φ, and effective coupling factors, keff, for rotated Y-cut of LNO. (Warner et al., 1967) 
  
Chapter 4 
70 
PMN-PT 
PMN-PT was first investigated in the early 1990s (Shrout et al., 1990), followed by 
extensive studies in the last two decades (Zhang and Li, 2012). Relaxor-PT type 
materials, including PMN-PT and PZN-PT, generally exhibit much higher 
piezoelectric constants and electromechanical coupling coefficients, e.g. 
d33 > 1300 pC/N and k33 ≈ 0.9, compared to conventional piezoceramics, as shown in 
Fig. 4.2. However, their low TC and ferroelectric phase transition temperature, TRT, 
and coercive field, EC, cause problems in temperature and polarisation stability under 
long term drive in many ultrasound applications. Moreover, their generally low Qm, 
less than 100, limits use in those applications that require CW or near-CW drive 
without temperature control methods.  
 
Figure 4.2 (a) d33  and (b) k33 of relaxor-PT crystals, compared to polycrystalline 
ceramics as function of Curie tempera- ture (Zhang and Li, 2012) 
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Because of these limitations, a second generation of relaxor-PT type crystals, e.g. 
ternary PIN-PMN-PT, has been developed to increase TC, TRT and EC, and to expand 
the potential application range without temperature limitations. Furthermore, 
recently developed third generation ternary piezocrystals with minor dopants, e.g. 
Mn:PIN-PMN-PT, have exhibited Qm that is at least five times higher than the first 
generation piezocrystals, to allow their use to be extended in high duty-cycle and/or 
high power applications.  
The key parameters of three generations of PMN-PT-based crystals are listed in 
Table 4.3. As can be seen, compared to PZ26, all three generations of PMN-PT 
exhibit ultra-high d33 and effective high coupling coefficient k33. However, TC and 
TRT are relatively lower than PZ26, therefore efficient temperature control methods 
may be required in some applications. In general, all three generations of PMN-PT-
based crystals have potential or are suitable for USW particle manipulation, with 
certain precautions. 
Table 4.3 Material property comparison between PZ26 and three generations of 
PMN-PT-based piezocrystals. 
 
PZ26 
 (Ferroperm 
Piezoceramics 
A/S, Denmark) 
PMN-PT  
(Zhang, Lee, 
et al., 2008) 
PIN-PMN-PT 
 (Zhang, Luo, 
et al., 2008) 
Mn:PIN-PMN-PT  
(Luo et al., 2010; 
Zhang and Li, 2012) 
TC (°C) 330 135 191 193 
TRT (°C) - 96 125 119 
EC (kV/cm) - 2.3 5.0 6.0 
k
T
 0.47 0.57 0.57 0.58 
k
33
 0.68 0.91 0.92 0.92 
d
33 
(pC/N) 290 1540 1510 1100 - 1340 
ε33,rS 700 910 729 533 
Qm 2714 60-100 175 - 250 700 - 1000 
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In terms of their commercial availabilities, several material manufacturing 
companies sell the first generation PMN-PT, e.g. TRS Technologies Inc. (State 
College, PA, USA), Sinoceramics Inc. (USA: State College, PA, USA; China: 
Shanghai, P.R. China) and H.C. Materials Corporation (Bolingbrook, Illinois, USA). 
However, because of the difficulties in crystal growth, the cost is extremely 
expensive, $0.5 - 3 per mm3, compared to around $0.01 per mm3 for conventional 
piezoceramics. The commercialisation of the second generation, PIN-PMN-PT, has 
just slowly started, thus only small amounts are available from a few companies, e.g. 
TRS Technologies Inc. Also, the price is about twice that of first generation 
PMN-PT. For the third generation, Mn:PIN-PMN-PT, only limited samples can 
currently be provided to customers for research and development.  
 
4.2.4 Piezocomposites 
Piezocomposites emerged in the late 1970s and provided a method to further tailor 
the physical, mechanical and piezoelectric properties of bulk piezomaterials by 
combining them with passive materials, usually polymers (Newnham et al., 1978; 
Smith, 1989). Piezocomposites are defined by their connectivity structures between 
the piezoelectric phase and the passive polymer, notated as X-Y, where X and Y 
refer to the number of axes in which the piezoelectric material and the polymer are 
physically continuous, respectively. Two typical connectivity structures are 2-2 and 
1-3 piezocomposites, as shown in Fig. 4.3 (Newnham et al., 1978).  
 
Figure 4.3 Typical connectivity structures of (a) 2-2 piezocomposite and (b) 1-3 
piezocomposite (Newnham et al., 1978). 
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1-3 piezocomposites generally exhibit the best performance, because their high 
aspect ratio (AR), i.e. the height divided by the width of the pillar, usually ≥ 3, 
makes the thickness resonance mode dominant over the lateral mode and achieves a 
higher coupling, kT ≈ k33 (Hayward et al., 1995). Moreover, the lossy polymer matrix 
suppresses ringing and most of the lateral resonances (Cochran et al., 2004; O’Leary 
et al., 2005; Smith and Auld, 1991). The polymeric filler of piezocomposites will be 
discussed further in Section 4.3.  
The mechanical and piezoelectric properties of 1-3 piezocomposites can be tailored 
by changing the volume fraction (VF) of the bulk piezoelectric material in the 
piezocomposite, as shown in Fig. 4.4. The results have been calculated based on the 
equations given in (Smith and Auld, 1991) and the material properties listed in 
Appendix A. In general, several improvements can be achieved with 
piezocomposites: 
• Increased kT value at certain VF range, Fig. 4.4 a; 
• Reduced acoustic impedance of bulk piezoceramics and piezocrystals 
(> 30 MRayl) to achieve better energy transmission into the load media, 
e.g. human tissue or fluid carrier, Fig. 4.4 b; 
• Tailored piezoelectric properties, e.g. c33E, c33D, and e33, Fig. 4.4 c, d and e, 
and mechanical properties, e.g. density and velocity, Fig. 4.4 f and h; and 
• Mechanical flexibility and formability from compositing stiff and fragile 
piezomaterials with flexible polymer matrix (Smith, 1989).  
These improvements lead to a higher sensitivity and larger bandwidth of the 
ultrasonic transducer. However, several disadvantages cannot be ignored, and 
suitable solutions may be required: 
• Dielectric constants are reduced, Fig. 4.4 g, which may bring trouble in the 
electrical impedance matching between transducer and control electronics.  
• The reduction of the effective volume of the piezoelectric material decreases 
the output energy, thus high power applications should always utilise high 
VF.  
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• As both bulk piezoelectric material and polymer are used in a composite, the 
maximum operational temperature of the piezocomposite mutually depends 
on the TC, and possibly TRT, of the bulk piezomaterial, and the glass transition 
temperature, Tg, of the polymer. 
• Additional undesired inter-pillar resonances, i.e. spurious modes, can be 
supported by the periodic pillar geometry, and then may couple with the 
thickness-mode fundamental resonant frequency and degrade the overall 
performance of the transducer. Therefore, suitable approaches may be needed 
to reduce the effects of spurious modes, e.g. fabricating the kerf and pillar 
widths sufficiently small to ensure the frequencies of these undesired 
resonances are far enough from the fundamental frequency (Liu et al., 2001), 
rotating array electrodes relative to the piezocomposite substrate (Démoré 
and Cochran, 2007), and the use of irregular-shaped and/or random-sized 
pillars in the piezocomposites (Brown et al., 2009; Demore et al., 2009; 
García-Gancedo et al., 2012; Harvey et al., 2006; Yang et al., 2012). 
• The relatively complex structure brings difficulties in the fabrication, 
resulting in high cost. 
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Figure 4.4 Influence of the VF of PZ26 and PMN-PT on (a) piezoelectric coupling 
coefficient, (b) effective acoustic impedance, (c) elastic stiffness at constant electric field, 
(d) elastic stiffness at constant displacement, (e) piezoelectric stress constant, (f) density, (g) 
relative dielectric constant, and (h) effective velocity of 1-3 piezocomposite of PZ26 and 
PMN-PT with Epofix (Struers Ltd. UK), respectively. 
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4.3 Passive Materials in USW Manipulation Devices 
4.3.1 Passive Materials Used in Transducers or Arrays 
As discussed in the previous section, the polymeric filler of piezocomposites affects 
the piezoelectric and mechanical properties of the piezocomposite, suppressing 
ringing and most lateral resonances. Extensive studies have been carried out to select 
suitable polymers for piezocomposites, along with material property characterisation 
and performance evaluation (Bernassau et al., 2008; Cheng et al., 2003; Jae Lee et 
al., 2012; O’Leary et al., 2005; Parr et al., 2005; Trogé et al., 2010; Wang et al., 
2001). Many epoxies are commonly used, such as HY1300/CY1301 (Robnor Resins 
Ltd., Wiltshire, UK), EpoTek 301 (Epoxy Technology Inc., USA), Epoxy 
LW5157/HY5159 (Ciba-Giegy Ltd., USA), Spurr resin (Polymer Science Inc., 
USA), T7110 (Epoxy Technology Inc., USA), Stycast 2850FT (Emerson & Cuming, 
USA) and Epofix (Struers Ltd., Solihull, UK).  
In my work, Epofix was the most frequently used epoxy in various ultrasonic 
devices, because of its satisfactory properties, e.g. low viscosity, short curing time, 
minimal shrinkage, good mechanical behaviour and chemical resistance (Bernassau 
et al., 2011). Moreover, the material properties of Epofix have been well studied and 
characterised (Bernassau et al., 2011; Webster, 2009). Besides use as the kerf filler 
of composites, epoxy can also be used as backing and matching layers in various 
transducers after mixing with particulate fillers, e.g. tungsten and alumina (Webster, 
2009).  
In practical multilayer USW manipulation devices, ultrasonic transducers generally 
do not have permanent matching layers, for either one of two reasons: (1) alternative 
layers, e.g. ultrasound couplant or silicon grease, may be applied to couple the 
transducer to the fluid carrier layer; and (2) there can be manufacturing difficulties 
due to the high frequency and/or complex structure of the transducer.  
Air backing is used for most multilayer USW manipulation devices to maximise the 
energy output at the front face of the transducer (Glynne-Jones, Boltryk, et al., 2012; 
Hammarström et al., 2010; Johansson et al., 2013; Lilliehorn et al., 2005; 
Manneberg, Svennebring, et al., 2008). However, high frequency (>20 MHz) devices 
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generally require thin piezoelectric elements, therefore physical supports are 
required, e.g. a low acoustic impedance mounting or backing. Glass microballoons 
(GMB, 3M United Kingdom PLC, Bracknell, UK) can be used as a filler in Epofix 
to achieve a very low density and to increase the scattering, attenuation and 
absorption of ultrasound waves. Two types of GMB have been studied, K1 and S38. 
Both of them have very low densities, spherical shapes, small sizes and good 
chemically stability. Their densities and size distributions are listed in Table 4.4.  
Table 4.4 The densities and size distributions of K1 and S38 GMB (3M United 
Kingdom PLC, 2014) 
GMB type 
Density 
 (kg/m3) 
Size distribution (µm) 
D10 D50 D90 
K1 0.125 30 65 115 
S38 0.38 15 40 75 
 
As can be seen, K1 has lower density and larger size than S38. In practice, both 
types can be used as the filler in epoxy to achieve low acoustic impedance mounting 
in USW devices. However, when they are used as the loading in the kerf-filler of 
piezocomposites, their D90 size should also be taken into account.  
In general, GMB-loaded Epofix with high VF and low density is preferred. However, 
the fabrication difficulty due to high viscosity limits the VF and density. Thus, an 
experiment was carried out in the work reported here to find a reasonable mass ratio 
for the USW application. A set of different mass ratios of GMB-loaded Epofix were 
tested, with a total of five samples prepared for each mass ratio. The densities and 
empirical relative viscosities are listed in Table 4.5. The theoretical density was 
calculated by the standard mixing rule. The difference between the theoretical and 
experimental densities becomes larger when higher volumes of GMB are used. This 
is because more air is trapped in the high VF GMB-loaded Epofix during the 
preparation. Considering the fabrication difficulty, a mass ratio between 5:1 and 7:1 
is preferred for low acoustic impedance mounting in USW manipulation devices, 
whereas, for comparison, a ratio of 2:1 to 4:1 is used for FUS transducers.  
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Table 4.5 The densities and empirical relative viscosities of GMB loaded Epofix with 
different mass ratios 
GMB 
type 
Mass ratio 
(GMB : 
Epofix) 
VF of 
GMB 
Density (kg/m3) Empirical 
relative viscosity 
before cure Theoretical Experimental Difference 
K1 
1:2 81.3% 0.305 0.237±0.005 22.3% 
Very high  
(wet sea sand) 
1:3 74.3% 0.372 0.337±0.002 9.4% 
Very high  
(wet sea sand) 
1:5 63.5% 0.476 0.434±0.002 8.8% 
High 
 (peanut butter) 
1:6 59.1% 0.518 0.485±0.003 6.4% 
High  
(peanut butter) 
1:7 55.4% 0.554 0.519±0.003 6.3% 
Medium  
(ketchup) 
1:9 49.1% 0.614 0.598±0.013 2.6% 
Low  
(honey) 
S38 
1:1 72.4% 0.562 0.509±0.004 9.1% 
Very high 
 (wet sea sand) 
2:3 63.7% 0.621 0.568±0.003 8.3% 
High  
(peanut butter) 
1:2 56.8% 0.670 0.617±0.002 7.9% 
Medium  
(Ketchup) 
1:3 46.7% 0.743 0.688±0.002 7.0% 
Low 
 (Honey) 
 
 
4.3.2 Passive Materials Used for Reflectors, Carriers and Spacers  
The material considerations for the reflector in USW manipulation devices include 
dimensional stability, achievable smooth surface, and high acoustic impedance 
compared to fluid. When handling biological cells, the biocompatibility of the 
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material is also critical if the cells have the possibility of direct contact with this 
material. Therefore many passive materials have been used in literature, including 
stainless steel (Khanna et al., 2003), brass (Hawkes et al., 1998), glass or fused 
quartz (Harris et al., 2004; Townsend et al., 2008; Yasuda and Kamakura, 1997) and 
silicon (Petersson, Nilsson, Jönsson, et al., 2005). For carriers and spacers used for 
constructing chambers or fluid channels, the formability and machinability of the 
material are also important concerns. Hence, materials with acoustic impedances 
close to water are often used, e.g. polydimethylsiloxane (PDMS) (Shi et al., 2011) 
and polymethyl-methacrylate (PMMA) (Barnkob et al., 2010).  
Besides these common passive materials, a glass ceramic, Macor (Corning, NY, 
USA), is also a good choice for carrier, spacer and reflector, because it has similar 
chemical and acoustical properties to glass, but also good machinability that allows  
desired thicknesses and more complex shapes to be achieved.  
Recently, researchers have demonstrated the feasibility of the use of a glass capillary 
in a USW manipulation device (Hammarström et al., 2010), which gives many 
advantages, such as that it is disposable, sterile, simple to use and quite highly 
resonant. Moreover, because only a small volume of fluid is contained in a capillary, 
the effect of acoustic streaming is reduced.  
 
4.4 Conclusions  
The piezoelectric and passive materials suitable for USW manipulation devices have 
been discussed in this chapter. Material properties, biocompatibility and 
manufacturability are the main concerns. In practice, device configuration and the 
specific application should also be taken into account.  
A summary of suitable piezoelectric materials is listed in Table 4.6. In general, hard 
piezoceramics, high performance piezocrystals, piezocomposites and the established 
piezocrystal, LNO, can be used in USW manipulation devices. Lead-free 
piezoceramics were not considered because of their unsatisfactory performance 
compared to conventional PZT to date. Piezocomposites show ability in further 
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modification of the physical, mechanical and piezoelectric properties of bulk 
piezomaterials. 1-3 piezocomposites of all three generations of PMN-PT give the 
most promising performance, e.g. ultra-high kT, above 0.9. Thin film and thick film 
PZT bring advantages in fabrication of miniaturised devices and the potential for 
commercialisation of complex devices through mass manufacturing. Composite 
fabrication techniques and thin film and thick film technologies will be discussed 
further in Chapter 5.  
Table 4.6 A summary of the basic requirements and the corresponding selections of 
the piezoelectric materials used in USW manipulation devices 
Basic requirements of piezomaterials Suitable piezomaterials 
High effective electromechanical coupling 
coefficient, k33 , and transmission 
coefficient, d33 
PMN-PT, PIN-PMN-PT,  
Mn:PIN-PMN-PT, Piezocomposites  
Compatible resonant frequency constant 
Hard PZT (bulk and thick film forms), 
Y-36˚ LNO, PMN-PT, PIN-PMN-PT, 
Mn:PIN-PMN-PT 
Low dielectric loss and high mechanical 
quality factor, Qm 
Hard PZT (bulk and thick film forms), 
Y-36˚  LNO, Mn:PIN-PMN-PT 
Compatible dielectric constant 
Hard PZT (bulk and thick film forms), 
PMN-PT, PIN-PMN-PT,  
Mn:PIN-PMN-PT 
Good manufacturability  Hard PZT (bulk and thick film forms), Y-36˚ LNO 
Reasonable cost Hard PZT (bulk and thick film forms), Y-36˚ LNO 
 
The use of passive materials in different components of the devices has also been 
discussed. A summary of the passive materials is shown in Table 4.7. Epofix can be 
utilised in various components, because of its satisfactory properties, e.g. low 
viscosity, short curing time, minimal shrinkage, good mechanical properties and 
chemical resistance. GMB-loaded Epofix, with high inhomogeneity, inhibits 
ultrasonic wave propagation within the epoxy and thus can be used as the physical 
support for thin piezoelectric elements without degrading the performance of the 
device significantly. The materials of the reflector, carrier and spacer must be 
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considered mainly for their acoustic properties, dimensional stability and 
machinability. Macor machinable glass ceramic has good potential to fabricate 
components with precise desired size and shape. Disposable glass capillaries give 
many advantages, such as that they are sterile, simple to use, highly resonant and the 
reduced acoustic streaming effects.  
Table 4.7 A summary of the passive materials in USW manipulation devices 
Components Passive materials 
Piezoelectric 
element 
Piezocomposite GMB loaded/unloaded Epofix 
Low Zac mounting GMB loaded Epofix 
Fluid chamber or 
channel 
Reflector High Zac metals, glass, silicon, Macor 
Carrier Glass, silicon, Macor, Epofix, PDMS, PMMA 
Spacer Silicon, Macor, Epofix 
Others Glass capillary 
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Chapter 5 METHODS 
 
5.1 Introduction 
In Chapter 4, piezoelectric and passive materials have been discussed and proposed 
for multilayer USW manipulation devices. This chapter describes the methods that 
have been implemented to fabricate and characterise the devices.  
At the beginning of Section 5.2, conventional fabrication techniques are addressed, 
including lapping and polishing, dicing, electroding and interconnections. Then 
fabrication methods for piezocomposites will be introduced, including the traditional 
dice-and-fill method and other alternatives. Following that, thick film and thin film 
technologies will be addressed, which can benefit the fabrication of complex devices 
with large numbers of array elements, allowing miniaturisation for functional 
integration and cost effective manufacturing.  
Section 5.3 introduces the methods that have been used for characterisation of the 
ultrasonic transducers and USW manipulation devices, including electrical 
impedance spectroscopy, laser vibrometry, acoustic pressure measurement, thermal 
imaging, and optical microscopy. Relevant experimental setups and procedures are 
described. 
After consideration of these methods, along with the associated materials, the 
configurations of three types of devices are proposed in Section 5.4: 
• Single element high frequency ultrasound resonators 
• 1-D ultrasonic array lateral manipulation devices 
• 2-D thick film PZT matrix array manipulation devices 
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5.2 Manufacturing Methods 
5.2.1 Conventional Fabrication Methods 
Lapping and Polishing 
Generally, a lapping (grinding) process is utilised to obtain a desired thickness and 
surface finish of a sample, usually giving a flat, non-reflective, matt surface. 
Polishing is used to remove the surface damage caused during the lapping; thus, it 
improves the final surface finishing of the sample, usually producing a smooth, 
mirror surface.  
In this thesis, all lapping and polishing processes were performed with a PM5 
Lapping and Polishing System (Logitech Ltd., Glasgow, UK). A schematic diagram 
of the system is shown in Fig. 5.1. The desired material removal rate and surface 
roughness of the sample can be achieved by the PM5 system with different lapping 
plates, loading forces, rotational speed, slurry concentration, particle size in the 
slurry, and slurry feed rate. 
 
Figure 5.1 Schematic diagram of the mechanical lapping and polishing system 
(Bernassau, García-Gancedo, et al., 2012). 
Generally, the roughness (Ra) obtained by lapping met the requirement of the 
reflectors used in USW manipulation devices, Ra << λ. Polishing was performed 
only when an ultra-fine surface was required for further processing of the device, 
e.g. for deposition of electrodes for patterning by photolithography (Bernassau, 
García-Gancedo, et al., 2012).  
  
Chapter 5 
84 
As an example, a 500 µm thick Y-36˚ cut LNO sample was lapped to achieve a 
thickness of 250 µm first and 145 µm subsequently on a plain cast iron plate with 
abrasive slurries of 20 µm and 3 µm Al2O3 particles, respectively. Then the sample 
was polished to achieve the final thickness of 135 µm with a polyurethane plate and 
SF1 alkaline colloidal silica polishing solution. The surface profile of the sample was 
measured by using a stylus-based surface profiler (Veeco Dektak 150, Cambridge, 
UK), as shown in Fig. 5.2.  As can be seen, the roughnesses of the Y-36˚ cut LNO 
after lapping and polishing were Ra = 203 nm and Ra = 0.69 nm, respectively.  
 
Figure 5.2 The representative roughnesses of a Y-36˚ cut LNO sample after (a) lapping 
and (b) polishing, respectively. 
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Dicing 
Dicing is used to achieve desired shapes and patterns, e.g. PZT pillars and electrical 
tracks. It is an essential technique in the fabrication and modification of ultrasonic 
components, especially piezocomposites. For this thesis, dicing was performed with 
a precision dicing saw (MicroAce 66, Loadpoint Ltd., UK). This semi-automatic 
machine is integrated with a two-point vision alignment system. The cutting 
resolution is 100 µm in the dicing direction (X-axis), 100 nm in both depth (Z-axis) 
and pitch (Y-axis) directions, and 0.0004° on the rotational θ axis, as shown in 
Fig 5.3. Samples are fixed by strong adhesive tape on O-rings and vacuum mounted 
through a porous chuck. During the dicing, fluid is fed through various channels to 
cool the sample and the blade and to remove dicing residue at the same time.  
 
Figure 5.3 Illustration of the interior of the MicroAce 66 dicing saw during operation. 
 The dicing quality strongly depends on several factors: 
• The physical properties of the sample, e.g. hardness; 
• Dicing blade details, e.g. blade composition (e.g. resin, nickel and or metal 
bonded blades), protrusion and thickness, and diamond grit size and 
concentration; 
• Dicing parameters, including spindle speed (SS), blade feed rate (BFR), 
coolant feed rate (CFR), and the depth and pitch of the cuts.  
Generally, the blade type and the dicing parameters are changed according to the 
physical properties of the material of the sample. Specifically, resin bonded blades 
have high wear rate and are preferred for hard and brittle materials, e.g. alumina, 
glass and LNO. Nickel bonded blades have low wear rate and are used for soft and 
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abrasive materials, e.g. PZT, silicon and copper. Metal blades have wear rate in 
between resin blades and nickel blades, so they are used in materials which are not 
super hard or brittle, and can replace either resin bonded or nickel bonded blades for 
specific applications. Metal blades also provide high consistency in kerf width and 
have a low tendency to produce chips, and are thus preferred to dice PMN-PT, which 
is soft and brittle. The higher grit size of metal blades gives a better finish, smoother 
surface and less chipping. Detailed parameters for dicing PMN-PT are given in the 
description of fabrication methods for piezocomposites, Section 5.2.2. 
Electroding and Interconnections 
Commercial piezoelectric materials usually come with thin film electrodes, e.g. Ag 
or Au. However, these electrodes can be removed partly or entirely during the 
machining of the piezoelectric materials and the reapplication of electrodes is thus 
necessary. Four different electroding methods and materials have been used in the 
work reported here, by considering the TC and TRT of the piezoelectric materials, and 
the requirements of the application, e.g. electrode roughness and cytotoxicity.  
• Conductive Ag paint (Electrodag 1415M, Agar Scientific Ltd, UK) is applied 
by using a fine paintbrush and cures at room temperature in a few minutes. It 
can be easily removed with solvent, e.g. acetone. Therefore, it is usually 
applied temporarily on the piezoelectric material for rapid testing during 
fabrication. 
• Conductive Ag ink (118-09A/B, Creative Materials Inc., USA) is also 
applied by using a fine paintbrush, and has excellent adhesion, solvent-
resistance and scratch-resistance. Therefore, it is widely used as the 
permanent electrode on piezoelectric materials in the transducer fabrication 
research lab. The curing time varies with curing temperature (TEC): 16 hours 
at 65°C, 4 hours at 80°C, 1 hour at 100°C, and 20 minutes at 125°C. 
• Thin-film electrodes, e.g. Ti/Au and indium tin oxide (ITO), are deposited 
using evaporation or sputtering. Ti/Au was used in the biological cell-related 
devices after considering the cytotoxicity of Ag electrodes (Greulich et al., 
2012). ITO was explored because of its optical transparency and high 
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electrical conductivity, this combination having benefits in the development 
of hybrid acoustic – optical tweezers (Brodie et al., 2014).  
• Screen-printed thick-film Au electrodes were used because of their excellent 
conductivity, and more importantly, because they can act as a diffusion 
barrier during the manufacture of thick-film PZT, as discussed further in 
Section 5.2.3. 
After electroding the piezoelectric materials, electrodes are then connected with 
wires or other electrical interconnections. Conventional manual soldering cannot be 
used because of its high temperature, usually above 280 °C, which will cause the 
electrodes on piezoelectric materials to be peeled off. Furthermore, this high 
temperature may exceed TC and depole the piezoelectric material. As an alternative, 
conductive Ag-loaded epoxy (G3349, Agar Scientific, UK) was used, which gives 
many advantages, such as strong adhesion, good conductivity, reasonable 
mechanical strength and ease of use. The curing time and overall conductivity 
primarily depend on TEC. Maximum conductivity and adhesion can be achieved by 
curing in an oven at 79 - 120 °C for 5 - 10 minutes. Up to several hours may be 
required for curing and to achieve good conductivity at temperatures lower than 
79 °C. Therefore, for PMN-PT, which has low TC and TRT, Ag-loaded epoxy was 
cured in an oven at 70 °C for 30 minutes to achieve good conductivity. 
For single element transducers, conventional Cu wires or a coaxial cable can be used 
for electrical connection. However, it is very difficult and may even be impossible to 
connect individual wires manually to each element of a transducer array with a large 
number of very small elements. Hence, for miniature ultrasonic arrays such as those 
reported here, electrical wire interconnections are usually integrated and associated 
with electrode fan-out patterns, produced by photolithography and other methods 
(Bernassau, García-Gancedo, et al., 2012; Brown et al., 2007; Wu et al., 2009; Zhu 
et al., 2013). 
In this thesis, the electrical interconnection of a 1-D linear array was realised by 
simultaneously scratch-dicing the electrode of the piezoelectric material and a 
multitrack flexible printed circuit board (fPCB, Fig. 5.4) connected to it. The process 
is illustrated in Fig. 5.5. As can be seen, the array elements are defined by the 
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residual electrodes on the piezoelectric material after a scratch-dicing process. Each 
element is connected to one electrical track on the multitrack fPCB. Therefore, the 
fPCB has to have the same pitch as the transducer array. This method can potentially 
extend to 1-D circular arrays by curing the fully diced elements on a cylinder with 
the assistance of tape, and 2-D crossed-electrodes array by duplicating the scratch-
dicing process perpendicularly on the other side of the piezoelectric material. 
 
Figure 5.4 A fPCB with exposed 100 µm Cu tracks for connection to the elements of  
a 1-D linear array, (a) design, and (b) manufactured sample. 
 
Figure 5.5 An interconnection method for a 1-D linear array. (a) Align fPCB to the 
edge of the piezoelement and affix on the substrate; (b) connect the exposed Cu tracks to the 
piezoelement with Ag epoxy; (c) define each element by scratch-dicing through each gap 
between two electrical tracks, Ag epoxy and the electrode on the piezoelement. 
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5.2.2 Piezocomposite Fabrication Methods 
A number of techniques are currently available for fabrication of piezocomposites. 
The dice-and-fill method is the most common one; this utilises a dicing saw to cut 
kerfs into a bulk piezoelectric material, with the kerfs subsequently backfilled with 
epoxy (Savakus et al., 1981). However, the size of the kerfs is limited by the 
thickness of the dicing blade, sometimes leading to low piezoelectric volume 
fraction (VF) and pillar aspect ratio (AR). Based on the same concept, laser 
micromaching (Farlow et al., 2001), chemical etching (Ito and Kushida, 1995) and 
reactive ion etching (Liu et al., 2013; Liu, Djuth, et al., 2012; Yuan et al., 2006) are 
alternative technologies to prepare the kerfs. However, they usually have high 
tooling costs and come with other problems, e.g. cross-sectional tapering.  
Interdigital pair bonding (IPB) can be used to fabricate 2-2 piezocomposites by 
bonding two matching kerf-machined bulk piezoelectric materials with epoxy 
(Cannata et al., 2011; Liu et al., 2001; Yin and Lukacs, 2004; Yin et al., 2005). Finer 
scale 2-2 composites and 1-3 composites can be obtained by repeating the whole 
process of interdigital pair bonding, but this is extremely laborious and demands a 
lot of material. Also, alignment is a major challenge for IPB, with any misalignment 
resulting in undesirable kerf widths. 
Besides the methods involving direct machining of bulk piezoelectric materials, 
other methods based on PZT raw materials have also been investigated, e.g. injection 
moulding, tape-casting, gel-casting, and viscous polymer processing (Bowen et al., 
1993; Cochran et al., 2004; Demore et al., 2009; García-Gancedo et al., 2012; 
Gebhardt et al., 2003; Hackenberger et al., 2002; Pazol et al., 1995). These methods 
can produce uniform fine-scale pillars with various shapes, but the performance of 
the composites is usually poorer than for those made with direct machining of bulk 
piezoelectric materials. After considering the accessibility of the equipment, as well 
as the use of bulk piezoelectric materials as the critical design consideration in the 
devices reported in this thesis, the dice-and-fill method was adopted to fabricate 1-3 
piezocomposites from bulk PMN-PT. 
As discussed earlier, metal blades with high grit concentration are suitable for dicing 
PMN-PT in piezocomposite fabrication. In general, this is more difficult than for 
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PZT, especially when high AR is required, because of the brittle nature of PMN-PT. 
Therefore the dicing parameters were explored experimentally and applied based on 
experience. As shown in Fig. 5.6, two important parameters of the dicing process, 
blade feed rate (BFR) and spindle speed (SS), were altered while keeping other 
parameters constant, i.e. blade thickness – 31 µm, kerf width – 35 µm, pillar width – 
70 µm, depth – 400 µm, and coolant feed rate (CFR) – 0.2 litres/min. As can be 
seen, lower BFR and SS improve the cut quality with less chipping. Although there 
remain a few chips with BFR = 0.3 mm/s and SS = 10000 rpm, Fig. 5.6 d, these were 
easily removed in the lapping step after epoxy-filling.  
 
Figure 5.6 The results of dicing PMN-PT with different BFR and SS: (a) all pillars fall 
down; (b) all pillars are upstanding but with large chipping; (c) chipping is reduced; (d) only 
occasional chippings exists. Pitch = 105 µm. 
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In this thesis, to simplify the fabrication process of the 1-3 piezocomposite, degassed 
epoxy was filled in the kerfs only after finishing both perpendicular dicing passes, so 
the BFR of second dicing pass was reduced further to 0.2 mm/s to avoid knocking 
down the thin pillars. The dicing results after finishing each pass are shown in 
Fig. 5.7. For the 1-3 composite, it is also possible to fill and flatten the epoxy once 
the first pass of the dicing is finished, and then to repeat the dice-and-fill process 
after 90º rotation. This gives more physical support to the PMN-PT pillars during the 
second dicing pass, but costs more time and effort; hence this method was used only 
when the former method failed. 
 
Figure 5.7 PMN-PT pillars after finishing (a) first pass and (b) second pass of dicing. 
Pitch = 105 µm. 
 
5.2.3 Thick Film and Thin Film Technologies 
Thin and thick film technologies have significant advantages in simplifying the 
fabrication of ultrasonic devices with large numbers of elements and allowing 
miniaturisation for functional integration. Thin films usually have a thickness 
between a few nm and about 2 µm, and thick films usually cover a thickness range 
from above this to about 200 µm (Torah et al., 2007; Trolier-McKinstry and Muralt, 
2004). Film form piezoelectric materials include non-ferroelectric piezoelectrics 
such as AlN (Lee, Cochran, et al., 2004) and ZnO (Fu et al., 2010) and ferroelectric 
piezoelectrics such as PZT (Akedo and Lebedev, 2000) and PMN-PT (Baek et al., 
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2011). The ferroelectric films with higher piezoelectric response enable lower 
voltage operation of actuators and high sensitivity sensors and are therefore utilised 
in the majority of piezoelectric MEMS sensors and actuators (Muralt, 2000; Trolier-
McKinstry and Muralt, 2004). In this thesis, only ferroelectric PZT films are 
discussed. 
Thick film technologies 
A number of thick film fabrication techniques are available, depending on the 
desired thickness of the PZT film. The modified sol-gel method (Wu et al., 2009) 
and hydrothermal deposition (Zhu et al., 2013) have been used for thicknesses of 
10 – 30 µm. Aerosol deposition (Akedo and Lebedev, 2000) is able to achieve 
uniquely high density films, theoretical > 95%,  with thickness range of 1 – 100 µm. 
Screen-printing (Chen et al., 1995; Gebhardt et al., 2012) can achieve a large 
thickness range, typically 10 - 150 µm.  
The modified sol-gel process overcomes the thickness limitation of the conventional 
sol-gel process by incorporating ceramic powder processing, thus producing thick 
films at a relatively low sintering temperature, around 700 °C. The hydrothermal 
method is able to make piezoelectric monocrystalline and polycrystalline films on a 
large area at low temperature, less than 200 °C (Euphrasie et al., 2003). Aerosol 
deposition has been reported to achieve dense, crack-free ceramic films based on the 
impact and consolidation phenomenon of ceramic particles at room temperature with 
a high deposition rate, as well as having the ability to pattern PZT during the 
deposition without further etching (Akedo et al., 2007).  
Compared with the other methods, screen-printing is a relatively simple process to 
fabricate patterned films with reasonable film quality and excellent reproducibility. 
The screen-printing technique also carries the potential for bulk production of 
disposable devices for life sciences and healthcare applications, making it attractive 
for acoustic tweezers. The process of screen-printing is shown in Fig 5.8. 
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Figure 5.8 The process of screen-printing: (a) spread material paste on a mask with a 
desired patterned; (b) press the mask down onto the substrate with a squeegee; (c) squeeze 
the material through the mask onto the substrate and remove excess material; (d) after lifting 
the squeegee, the material is printed on the substrate with the desired pattern. (Torah et al., 
2007) 
With the screen-printing thick film technique, all passive and piezoelectric layers of 
a transducer array can be directly patterned on a substrate, including the bottom and 
top electrode layers, the PZT thick film, and electrode fan-out. The substrate used in 
thick film techniques can also be directly used as the fluid - cell carrier in ultrasound 
manipulation devices, as most common substrates have good biocompatibility, 
including silicon (Lan et al., 2005; Nikkhah et al., 2011), alumina (Finch et al., 2008; 
Kitamura et al., 2004; Song et al., 2013) and low temperature cofired ceramics 
(LTCCs) (Vasudev et al., 2012).  
On the other hand, the properties and performance of thick film PZT can be 
degraded by the silica content in the substrate material, because lead in the raw PZT 
paste can diffuse into the substrate and react with the silica content during sintering 
(Gebhardt et al., 2012). Therefore, alumina substrates with low silica content were 
chosen for the application addressed in this thesis. Although alumina has a very high 
hardness and is much less machineable than silicon, it is still possible to machine 
microfluidic channels and wells into it, giving the potential for integration of 
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complex microfluidic structures and gaining more control flexibility with transducer 
arrays integrated on the other side.  
Thin film technologies 
A number of existing coating methods can be adapted for the fabrication of thin film 
PZT, including: physical methods such as ion beam sputtering, RF or DC magnetron 
sputtering; and chemical methods such as sol-gel deposition, pulsed-laser deposition 
(PLD), metal-organic-decomposition (MOD) and metal-organic-chemical vapour 
deposition (MOCVD)  (Muralt, 2000).  
Generally, the resonant frequency of a thin film of PZT in the d33-mode is at least 
several hundreds of MHz. This ultrahigh frequency may benefit ultrasonic 
microbeam cell manipulation (Lee et al., 2011) but it is too high to be used in USW 
manipulation devices. However, diaphragm piezoelectric micromachined ultrasound 
transducers (PMUT) may overcome this problem by utilising the d31-mode of the 
thin film PZT. A typical structure of a PMUT is shown in Fig. 5.9.  
 
Figure 5.9 Schematic cross section of a diaphragm PMUT  
(Muralt et al., 2005; Wang et al., 2005) 
Diaphragm PMUTs operate in a flexural mode, with high compliance membranes 
generating large displacement responses in transmission and associated stress 
amplification in reception (Griggio, Demore, et al., 2012). Because the resonant 
frequency of the flexural mode mainly depends on the diameter and thickness of the 
diaphragm, the effective elastic modulus, and the Poisson’s ratio of the compound 
structure, the resonant frequency of a PMUT can be lowered into the range between 
tens of kHz and several MHz, (Griggio, Demore, et al., 2012; Hajati et al., 2012; 
Klee et al., 2011; Muralt et al., 2005; Wang et al., 2005). Moreover, by releasing the 
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substrate beneath the thin film PZT, the mechanical constraints near the bottom 
interface of the PZT are removed and the piezoelectric domain walls can freely 
respond to the electric field and contribute more to the dielectric and piezoelectric 
properties, leading to better performance (Griggio, Jesse, et al., 2012).  
 
5.3 Characterisation and Testing Methods  
5.3.1 Electrical Impedance Spectroscopy 
Electrical impedance spectroscopy is an important technique in the development of 
ultrasonic transducers and devices. In detail, the applications include:  
• Characterisation of the piezoelectric materials 
• Rapid testing during the machining of the piezoelectric materials 
• Characterisation of the ultrasonic transducers in a device 
• Characterisation of the ultrasonic devices  
The equipment used in the work reported here was an Agilent 4395A impedance / 
network / spectrum analyser (Agilent Technologies, Edinburgh, UK). The setup is 
shown in Fig. 5.10.  
 
Figure 5.10 Illustration of electrical impedance analyser with test fixture  
(Qiu et al., 2011). 
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The impedance analyser is connected to a PC with a general purpose instrumentation 
bus (GPIB) interface; thus, measurement results can be directly read and saved in the 
PC. In the present work, a fixture was used for characterising piezoelectric materials, 
where one electrode of the sample was connected to a large grounded electrode on a 
flat PCB and the other electrode was connected by a spring pin. For piezoelectric 
materials with wires attached, e.g. transducers, a SMA coaxial cable with hook clips 
was used to connect both wires. In order to obtain accurate measurement results, 
calibration of the impedance analyser and fixture / cable compensation were 
performed prior to each set of measurements. A maximum of 801 data points were 
taken over the selected frequency range, which was usually set from close to 0 Hz to 
2 – 6 times the operating frequency of interest of the sample, depending on the 
application. 
 
5.3.2 Laser Vibrometry 
Vibration can be measured without contact with a laser Doppler vibrometer (LDV). 
In the LDV, a laser beam is divided into a reference beam and a test beam with a 
beamsplitter. The test beam is directed onto the vibrating sample under test and then 
reflected. The amplitude and frequency of the vibration can then be extracted from 
the Doppler shift between the reference laser beam and the reflected laser beam in a 
photo-detector. The output voltage of the LDV is proportional to the velocity 
component along the direction of the reflected laser beam. In this way, the vibration 
time history, frequency response and vibration mode shapes of the sample can be 
measured. 
Two types of LDV were used individually in the different ultrasonic devices 
reported in this thesis: an UHF-120 ultra-high frequency vibrometer (Fig. 5.11) and a 
PSV-400 high frequency scanning vibrometer (all Polytec GmbH, Waldbronn, 
Germany).  
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Figure 5.11 The components of a UHF-120 ultra-high frequency vibrometer (Polytec 
GmbH, Waldbronn, Germany) 
 
All experiments were performed on an optical table with standard setup. The laser 
beam was emitted perpendicular to the sample surface to obtain the maximum 
reflected signal. The sample was connected to a signal generator. At the beginning of 
the measurement, a frequency sweep across the range of frequencies of potential 
interest was performed to obtain the frequency response of the sample. The 
frequencies of high displacement amplitudes were then identified as the resonant 
frequencies of the sample and the sample was driven at each resonant frequency with 
a sinusoidal CW signal to obtain the surface velocity or displacement mode shape.  
 
5.3.3 Acoustic Pressure Measurement  
The acoustic pressure generated by ultrasonic transducers in this project was 
measured using a fibre optic hydrophone (FP11-30P, Precision Acoustics Ltd., 
Dorchester, UK).  The experimental setup is shown in Fig. 5.12. A scanning stage 
platform was used to move either the transducer or the hydrophone sensor depending 
on the transducers under test. The fibre-optical hydrophone was used because it has 
been calibrated up to 30 MHz. A 1-D scanning program was developed to control the 
motorized stage (MTS50/M-Z8, Thorlabs Ltd., Ely, UK) and record the voltage data 
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with an oscilloscope (DSO1014A, Agilent Technologies, Edinburgh, UK) using 
LabVIEW (National Instruments, Berks, UK). The front panel and block diagram of 
the LabVIEW program are shown in Appendix B. The recorded voltages were then 
converted to the pressure according to the manufacturer’s calibration of the 
hydrophone sensitivity at the driving frequency. 
 
Figure 5.12 The experimental setup for the measurement of acoustic pressure 
 
5.3.4 Thermal Imaging 
As discussed in Chapter 3, when an ultrasound transducer is excited, the temperature 
will rise because of electromechanical losses in the piezoelectric layer. Also, for a 
USW manipulation device, the absorption of acoustic energy within the fluid and 
other adjacent layers will also increase the temperature. The localised heat will then 
be conducted into the whole structure, including the targeted particles or cells.  
To explore the self-heating of the ultrasonic devices, temperature changes were 
measured with an infrared camera (Cedip Jade camera, FLIR Systems, France). The 
experimental setup is shown in Fig. 5.13. The infrared camera was calibrated with a 
black body prior to the experiments. In this thesis, the temperature changes were 
explored under different driving conditions, i.e. CW and a range of duty cycles at 
different excitation voltages. A sufficient period of time was allowed for the device 
to cool down completely before performing the next experiment. 
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Figure 5.13 The experimental setup for thermal imaging 
 
5.3.5 Optical Microscopy 
For the experimental evaluation of USW manipulation devices, optical microscopes 
are the most frequently used tools. Depending on the configuration of the 
manipulation device and the targeted objects, different microscopes and illumination 
methods can be selected. Two standard compound microscopes with different 
illumination methods are shown in Fig. 5.14.  
 
Figure 5.14 Two standard compound microscopes: (a) upright microscope and (b) 
inverted microscope. Both are compatible with bright-field and fluorescence microscopy. 
The red and blue arrows show the light paths for trans-illumination and epi-illumination 
microscopy, respectively. (Wiklund, Brismar, et al., 2012) 
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The target objects typically used in this thesis are cells and polystyrene beads, which 
are usually suspended in a fluid inside a channel or chamber, or settle on the 
reflector of the USW manipulation devices. Hence, inverted microscopes (imaging 
from below) are particularly useful when high numerical aperture (N.A.) objectives 
are used. The fluorescence microscope with epi-illumination is useful in the 
observation of either beads in the manipulation devices with non-transparent 
components, or of cells because of their high transparency and weak refraction in 
buffer fluid. In these cases, the assistance of fluorescent stains is also required. 
 
5.4 Device Configurations and Experimental Evaluation Methods 
5.4.1 Single Element High Frequency Ultrasound Resonators 
The design of the single element high frequency ultrasound resonator was based 
mainly on the device application in the study of chemotaxis. In the work reported 
here, Dictyostelium discoideum (Dictys) was used. It is known that the Dictys 
locally generate nano-Newton (nN) forces during chemotaxis (Rieu et al., 2005), 
which is above the force limit of optical tweezers and therefore relevant for 
consideration with acoustic tweezers instead. Therefore, the device needed to be able 
to trap a number of cells of a size around 10 µm in a cell-friendly environment using 
ultrasonic radiation forces, giving the following basic requirements:  
• Simple device, easily fabricated by engineers; 
• Simple excitation, easily operated by biologists; 
• Reasonable size, to be compatible with optical microscopes; and 
• Generating sufficient forces (targeting nN) for applications in a cell-friendly 
environment. 
According to Yosioka and Kawasima’s theory, Eqn. 3.18, there are two effective 
means to increase the amplitude of primary radiation forces of the given particles 
and fluid: increasing the wave number, k, and the acoustic pressure, p, of the USW. 
Therefore high frequency ultrasonic transducers are preferred, to reduce the 
wavelength and increase the wave number. Also, an USW with a small wavelength 
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can position multiple lines of trapping sites in a small chamber. The most 
straightforward ways to increase the acoustic pressure are to increase the electrical 
input power of the transducer and to use focused ultrasonic transducers. Hence, three 
configurations were proposed. 
• The single element planar ultrasound resonator – chamber configuration (SPR-
chamber), Fig. 5.15, comprised four parts: a Y-36° LNO high frequency 
ultrasonic transducer of frequency around 25 MHz; a Macor reflector with a 
sufficiently fine surface finishing; and a pair of Macor spacers of the same 
dimensions. A rectangular chamber was formed by bonding the transducer and 
the reflector together with the spacers in between with quartz wax, allowing 
device disassembly and reassembly with alternative components. For 
experimental evaluation, the device was placed on a glass slide with a high 
concentration mixture of Ø10 µm polystyrene beads (Polysciences Inc., 
Warrington, PA, USA) and degassed water in the chamber. A low acoustic 
impedance transducer backing, GMB-loaded Epofix, was used to increase the 
reflection coefficient at the boundary between the piezoelectric material and the 
backing, therefore maximising the acoustic output of the transducer. The 
operating chamber was partially filled with 2% Agar to reduce streaming effects 
by decreasing the fluid layer thickness.  
 
Figure 5.15 Planar ultrasound resonator – chamber configuration 
 
• The single element planar ultrasound resonator – capillary configuration (SPR-
capillary), Fig. 5.16, comprises a Y-36° LNO high frequency ultrasonic 
transducer of a frequency around 25 MHz and a disposable glass capillary 
  
Chapter 5 
102 
(VitroCom, NJ, USA) with Dictys (AX2) and buffer  fluid (KK2) inside (Siegert 
and Weijer, 1989). The capillary has channel dimensions 100 µm × 2 mm and 
wall thickness ~100 µm. For experimental evaluation, the cell concentration was 
1 × 106 cells/ml. A fluorescent stain with homogenous GFP expression was used 
for the cell experiments. The details of culturing, harvesting and preparation of 
the cells have been reported elsewhere (Hughes et al., 2012). The fluorescent 
images were recorded using Micro-Manager (Vale Lab, UCSF, USA) 
microscopy software.  
 
Figure 5.16 Planar ultrasound resonator – capillary configuration 
• The single element curved focused ultrasound resonator (SFR), Fig. 5.17, had a 
curved PZ26 transducer to transmit a focused ultrasound beam towards a glass 
reflector, thus forming a quasi-USW between the transducer and the glass. The 
transducer was fabricated by cutting a 4 MHz PZ26 ring into four pieces, 
OD = 6 mm and ID = 5 mm. After wiring, it was backed with GMB-loaded 
Epofix to support the piezoelectric element. The transducer was driven at the 
fundamental and 5th harmonic frequencies. The experimental methods of particle 
and cell manipulations were similar to those used in the SPR-chamber and 
SPR-capillary devices, with beads in water and Dictys in KK2, respectively. 
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Figure 5.17 Curved focused ultrasound resonator 
 
5.4.2 1-D Ultrasonic Array Lateral Manipulation Devices 
As discussed in Chapter 2, precise control over particle positions using ultrasound 
has been limited by the enclosure resonances and hence geometry of USW 
manipulation devices (Glynne-Jones, Demore, et al., 2012). Although many efforts 
have been made to overcome this limitation, most are limited to controlling the 
particle only in the direction of wave propagation, or by mechanically moving the 
ultrasound source (Dron and Aider, 2013; Glynne-Jones, Boltryk, Harris, et al., 
2010; Haake et al., 2005; Lee et al., 2011; Manneberg et al., 2009).  
Following the discussion in Chapter 3, a practical USW field always has variations 
in the directions lateral to wave propagation, which generate lateral radiation forces 
that can move particles towards particular points laterally in the nodal and antinodal 
planes. Therefore, with controllable variation of an ultrasound field created by using 
ultrasonic transducer arrays, precise lateral control of the particles can potentially be 
realised. The principle of operation of the array lateral manipulation device is shown 
schematically in Fig. 5.18.  
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Figure 5.18 Ultrasonic particle manipulation with a transducer array integrated 
multilayer resonator: (a) a USW is generated between an ultrasonic transducer array and a 
reflector; (b) particles in the fluid layer move towards the pressure nodal plane; (c, d) 
reducing the number of the active elements of the array, lateral acoustic energy density 
gradients move the particles above the middle of the active elements; (e, f) switching the 
active elements moves the trapped particles along the fluid channel. 
In this configuration, the vertical trapping is accomplished by the primary radiation 
forces caused by the potential energy density of the USW between a transducer array 
and a reflector. The lateral trapping is accomplished by the lateral gradient of the 
kinetic energy density caused by the finite source width of the active elements of the 
array; therefore the particles are moved and trapped above the centre of the active 
elements in the pressure nodal plane. Hence, with the same concept of lateral 
trapping, the kinetic energy density can be changed by switching the active elements, 
leading to the trapping site of the particles moving simultaneously. Therefore, 2-D 
(vertical and lateral) particle manipulation can be realised by a 1-D array integrated 
multilayer resonator, and potentially 3-D (vertical, lateral and orthogonal) particle 
manipulation can be realised by a 2-D matrix array integrated multilayer resonator. 
To demonstrate the feasibility of lateral manipulation of particles with an ultrasonic 
transducer array, a glass capillary (VitroCom, NJ, USA) was selected for its 
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advantages of distinct resonance and disposable nature. The capillary has a channel 
thickness of ~300 µm, corresponding to a 2.52 MHz half-wavelength resonance, and 
~300 µm wall thickness. It was coupled to a 1-D linear array as shown in Fig. 5.19. 
Degassed water containing Ø10 µm fluorescent polystyrene beads (Polysciences 
Inc., PA, USA) was used in all experiments.  
 
Figure 5.19 Cross-sectional diagram of a quarter of a scratch-diced 1-D ultrasonic 
transducer array coupled to a glass capillary  
 
The frequency of 2.5 MHz gave the ultrasound wavelength in water, λw ≈ 600 µm. 
Because smooth lateral transportation of the trapped objected had to be realised by 
altering one element in a set of activated elements in one step (Fig. 5.18 d-f), 
λw/3 = 200 µm was selected as the pitch of the array and three elements were 
activated at the same time during operation. 
The 1-D ultrasonic transducer arrays were fabricated from bulk PZT and 
piezocomposites with a scratch-dicing process (Fig. 5.5) to define their electrodes. 
The piezocomposites were preferred in this device because of the reduction they 
offered in undesired effects from lateral modes, and to take advantage of the high k33 
and d33 of PMN-PT. Therefore, the dimensions of the piezocomposites had to be 
defined, including pillar width, kerf width, pillar aspect ratio and the array electrode 
arrangement.  
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According to Fig. 4.4, the thicknesses of the 1-3 piezocomposites of PMN-PT - 
Epofix with a VF in the range 20% - 60% were estimated in the ranges 0.4 – 0.5 mm. 
In order to keep a high pillar aspect ratio, e.g. AR > 3, the pillar width should be less 
than approximately 150 µm. In the dice-and-fill techniques, the kerf width and depth 
primarily depend on the thickness and the exposure of the dicing blade. Successful 
experimental dicing of PMN-PT with metal bonded blades suggested that the kerf 
AR, kerf depth divided by the kerf width, should be less than 10. Also, practically, 
approximately 20% of the kerf depth will be sacrificed to get rid of the chip edges 
and non-uniform bases of the pillars in the lapping process. Therefore, the kerf width 
should be larger than approximately 50 µm.  
As discussed in Chapter 4, the reduction of the VF of the piezoelectric material in 
the piezocomposite decreases the overall output energy. For linear arrays, a further 
reduction of the output energy can be caused by the electrode arrangement of the 
array. As shown in Fig. 5.20 a, the effective volume of a 50% VF 
1-3 piezocomposite is reduced to 25%, because of the partial coverage of the 
electrode on the piezoelectric material. However, it is also possible to align the 
electrode to cover all pillars and to maintain the effective VF, as shown in Fig. 5.20 
b. The oblique angle oriented electrodes can somewhat disrupt the periodicity of the 
piezocomposite structure along the azimuthal axis of the array and slightly reduce 
the effect of spurious mode of the piezocomposite array (Démoré and Cochran, 
2007). Regarding ease of manufacturing, full-coverage aligned electrodes require 
much more precise alignment and are thus more difficult. However, they give better 
uniformity of the performance of the array element, when the element width of the 
array is similar to the pillar width of the composite. After carefully considering all 
these factors and the ease of modelling and fabrication, the arrangement of full-
coverage aligned electrodes with 25% VF was chosen. Finally, most of the 
dimensions of the piezocomposite-based 1-D array were decided, as listed in Table 
5.1. The unconfirmed parameters were investigated further with finite element 
analysis (FEA), as described in Chapter 6. 
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Figure 5.20 Two electrode configurations of 1-D linear array based on a piezocomposite 
give the same effective volume of the piezoelectric material: (a) oblique angle oriented 
electrodes, (b) full-coverage aligned electrodes 
Table 5.1 The relative dimensions and electrode arrangement of the piezocomposite-
based 1-D array 
Pitch of the 
composites 
(µm) 
Pillar 
width 
(µm) 
Kerf 
width 
(µm) 
Pillar 
AR 
Pitch of 
the array 
(µm) 
Electrode 
width 
(µm) 
Electrode 
arrangement 
Effective 
VF  
200 100 100 4 - 6  200 120 Fig. 5.20 b 25% 
 
5.4.3 2-D Thick Film PZT Matrix Array Manipulation Devices  
As discussed earlier, thick film screen printing technologies have significant 
advantages in simplifying the fabrication of complex ultrasonic arrays with a large 
number of elements, with the potential for wafer level batch-production and to allow 
miniaturisation for functional integration. Hence, the feasibility of utilising thick 
film technologies in USW manipulation devices was investigated by developing a 
2-D matrix ultrasonic transducer array based on thick film screen printing at 
Fraunhofer Institute for Ceramic Technology and Systems (Fraunhofer IKTS, 
Dresden, Germany). 
A layout with the patterns of all the functional layers, e.g. bottom electrode, PZT, 
LTCC insulation, top electrode and electrode fan-out, was designed with 2-D CAD 
software (Draftsight, Dassault Systèmes, France). Screen printing masks were 
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manufactured for each functional layer. A series of patterned thick film layers were 
screen-printed and sintered on an alumina substrate (99.6%, Rubalit 710, CeramTec 
AG, Germany) in a sequence comprising the functional layers of the bottom Au 
electrode, the PZT thick film, the top Au electrode, the dielectric insulation layer and 
Au electrode fan-out tracks. All functional layers were directly screen-printed, layer 
by layer, without further patterning. The dimensions of the array were defined with 
the help of FEA, as reported in Chapter 6. The desired thickness of each functional 
layer was achieved by repeating the printing process using the same mask. Au was 
used as conductive electrodes and a diffusion barrier to prevent reaction between the 
lead content in the PZT and other layers. After fabrication, the thick film PZT array 
was co-fired then poled with a 20 kV/cm DC electric field for one minute at room 
temperature.  
Particle manipulation experiments were carried out to evaluate the device 
performance. Two experimental configurations were used: one coupling the array to 
a fluid-filled glass capillary on the bottom side of the alumina substrate, similar to 
the set up in Fig. 5.19, and the other coupling the bottom side of the alumina 
substrate to a fluid layer and a reflector to form a multilayer resonant structure, as 
shown in Fig. 5.21. Degassed water containing Ø10 µm fluorescent polystyrene 
beads was used in all experiments, the same as for the 1-D array experiments.  
 
Figure 5.21 Cross-sectional diagram of a quarter of a multilayer USW manipulation 
device with a screen-printed thick film PZT 2-D matrix array. 
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5.5 Conclusions 
In conclusion, the methods of manufacture, characterisation and testing of the USW 
manipulation devices have been discussed in this chapter. After careful consideration 
of these methods along with their associated materials, the configurations of three 
types of devices have been proposed: 
• Single element high frequency ultrasound resonators, to assist the 
investigation of the molecular and cellular bases of chemotaxis. Three 
configurations, i.e. SPR-chamber, SPR-capillary and SFR, with the potential 
to generate large acoustic radiation forces, have been proposed, each with 
different advantages. 
• 1-D ultrasonic array lateral manipulation devices, to explore the feasibility of 
precise control of lateral manipulation of particles with a 1-D linear 
ultrasonic transducer array, thus realising 2-D (vertical and lateral) particle 
manipulation. 
• 2-D thick film PZT matrix array manipulation devices, to demonstrate the 
feasibility of screen printing thick film techniques to simplify the 
manufacture of multilayer USW manipulation devices with large numbers of 
ultrasonic transducer elements. These devices have the potential for 
wafer-scale batch production and to allow miniaturisation for functional 
integration. Moreover, with 2-D matrix array integration, the device 
potentially can realise 3-D (vertical, lateral and orthogonal) particle 
manipulation. 
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Chapter 6 VIRTUAL PROTOTYPING 
 
6.1 Introduction 
In the previous chapters, the materials, fabrication methods and configurations of 
three types of USW manipulation devices have been proposed. This chapter presents 
the virtual prototyping of the proposed devices, i.e. prototyping with computer 
models rather than physically.  
The relevant dimensions, resonant frequencies, pressure distributions and mode 
shapes of the devices are studied with different modelling methods. The behaviour 
and performance of the devices are also predicted by the modelling. Three modelling 
methods and software will be used.  
• One-dimension-modelling (ODM), in-house software based on frequency-
domain solutions of the 1-D wave equation (Lewis, 1980), has been validated 
experimentally in other studies (Abrar and Cochran, 2007; Bernassau et al., 
2008; Kotopoulis et al., 2011; Lee, Cochran, et al., 2004; Schmarje et al., 
2004). In ODM, piezomaterials are defined only by a small subset of the 
complete piezoelectric matrix, including c33E, e33, ε33S and ε33T, density and 
attenuation, and passive materials, which are assumed to be isotropic, by 
stiffness, density and attenuation. In this thesis, the ODM models of 
transducers will be used to predict the thickness of piezomaterial with the 
required resonant frequency before the manufacture of the transducers. 
• An impedance transfer model coupled to a Krimholtz-Leedom-Matthaei 
transducer model (ITM-KLM) is an in-house 1-D modelling package 
developed in the MATLAB environment (Glynne-Jones et al., 2009; Glynne-
Jones, Boltryk, Harris, et al., 2010; Hill et al., 2002). In the ITM-KLM, 
piezomaterials are defined only by the dielectric loss, h33, ε33T, Qm, density 
and speed of sound, and passive materials by density, speed of sound, and 
approximate quality factor, i.e. the ratio of the stored to dissipated energy. 
Here, the ITM-KLM model will be used to predict the performance of 
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multilayer resonant manipulation devices, including pressure distributions, 
acoustic energy density, and acoustic radiation forces. 
• The FEA package, PZFlex (Weidlinger Associates Ltd, Glasgow, UK) is 
used to evaluate the transducers and USW manipulation devices with 2-D 
and 3-D models. In PZFlex, piezomaterials are defined by the complete 
piezoelectric matrix, including dielectric and mechanical properties. Passive 
materials are defined by their dielectric and mechanical properties. Hence, 
the FE model gives the best results if sufficiently accurate material properties 
are used. However, the lack of the full piezoelectric matrix for some 
piezomaterials, e.g. the Y-36˚ cut LNO used here, brings difficulties in FEA. 
Therefore, the ODM and ITM-KLM methods are adopted for the devices that 
use Y-36˚ cut LNO. 
 
6.2  Single Element High Frequency Ultrasound Resonator 
6.2.1 SPR-Chamber 
ODM 
The high frequency Y-36˚ cut LNO transducer shown in Fig. 5.15 was modelled 
with different thicknesses of LNO in ODM. The materials and dimensions of the 
model are listed in Table 6.1 and the relevant material properties are given in 
Appendix A. The rear and front loading materials of the transducer were set as air 
and water, respectively, and the electrode layers were omitted to simplify the model. 
The electrical impedance spectra are shown in Fig. 6.1. As expected, the resonant 
and anti-resonant frequencies are close to linear with thickness, as are their 
corresponding impedance magnitudes, Fig. 6.1 b.  
Table 6.1 The materials and dimensions used in the LNO ODM model 
Layer Piezoelement Fluid Reflector 
Material Y-36˚ LNO (2 × 5 mm2) Water Macor 
Thickness (mm) 0.125 – 0.145 0.5 and 2 2 
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(a) 
 
(b) 
Figure 6.1 ODM modelling results for Y-36˚ cut LNO transducer with different LNO 
thicknesses: (a) representative impedance spectra, (b) resonant and anti-resonant frequencies 
and impedance magnitudes varying close to linearly with LNO thickness. 
 
The electrical impedance spectra of the transducer and resonator were also explored 
under different loading conditions and layer configurations, as shown in Fig. 6.2. It 
can be clearly seen, especially at the resonant and anti-resonant frequencies, that 
water gives higher damping than air, as expected. The configuration of the 
multilayer USW resonator was modelled by coupling the air-backed LNO with a 
water layer and a Macor reflector. As can be seen, a large number of overtone 
resonances arise in the frequency spectrum, especially in the region around the 
fundamental resonant and anti-resonant frequencies of the LNO. This is because the 
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wavelength of the ultrasound in the water layer is much smaller than the layer 
thickness (Gröschl, 1998). Moreover, a thicker water layer raises denser overtone 
resonances, as shown in the examples of water thicknesses of 0.5 mm and 2 mm in 
Fig 6.2. The envelope curves of the overtone spectra are still similar to the spectra 
without the reflector, as well as their resonant and anti-resonant frequencies.  
 
(a) 
 
(b) 
Figure 6.2 ODM modelled electrical impedance spectra for different layer 
configurations: (a) magnitude and (b) phase. 
 
ITM-KLM 
A model of the LNO resonator was also created with ITM-KLM to predict other 
aspects of its performance, e.g. pressure distributions, acoustic energy density and 
acoustic radiation forces. The thickness of the LNO is 135 µm and the dimensions of 
the other layers are listed in Table 6.1. The relevant material properties of LNO, 
water and Macor are listed in Appendix A. Qm for LNO was set as 10000 and the 
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damping and other losses of the other layers in the resonator were initially 
approximated by Q-factors of 100. An input voltage of 10 Vpp was used in all ITM-
KLM models. The electrical impedance spectra of the transducer and resonator show 
good agreement with the results modelled by ODM, Fig. 6.3, with slight differences 
attributed to the different ways of taking account of the damping and losses in the 
two methods. 
 
Figure 6.3 Comparison of the impedance magnitude spectra of the transducer and the 
resonator modelled by ITM-KLM and ODM. 
 
The frequency responses relating to acoustic energy densities in the resonator with 
different water thickness are shown in Fig. 6.4. It can be seen that overtone 
resonances exist, just like those in the electrical impedance spectra. The resonator 
has a maximum energy density at the resonant frequency, with thicker water layers 
giving smaller energy densities at the resonant frequency. It should be noted that the 
resonator can be driven at frequencies other than the resonant frequency; although 
the energy density decreases rapidly at frequencies away from the resonance, it can 
be still very useful to tune pressure nodal positions precisely by adjusting the driving 
frequency. In each model, the maximum response (the eigenfrequency of the whole 
structure) was selected for extraction of the pressure amplitude distribution across 
the thickness of the whole structure, as shown in Fig. 6.5. It is clear that a USW is 
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formed in the water with the pressure amplitude of the USW in the 0.5 mm water 
layer much higher than that in the 2 mm water layer. Therefore, the acoustic 
radiation force in the 0.5 mm water layer is expected to be higher. It can also be seen 
that the peak pressure of the USW in the water layer decreases as the ultrasound 
propagates away from the transducer, hence actually suggesting that a quasi-USW is 
formed in the water layer. This is caused by the energy losses, hence, this 
phenomenon is much clearer in the resonator with thicker water layer, Fig. 6.5 b. 
 
Figure 6.4 The ITM-KLM modelled acoustic energy densities of the resonator with 
different water thickness vary with excitation frequency. Input voltage = 10 Vpp. 
 
 
(a) 
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(b) 
Figure 6.5 The ITM-KLM modelled pressure amplitude distributions across the 
thickness of the resonant structures of different water thicknesses: (a) 0.5 mm and (b) 2 mm. 
Input voltage = 10 Vpp. 
 
To investigate how the radiation force varies with the thickness of the water layer, a 
set of models was created with different thicknesses of the water layer (≥ λ/2). The 
ultrasound pressure amplitudes were extracted and maximum radiation forces on a 
Ø10 µm polystyrene bead were calculated with Eqn. 3.21, as shown in Fig. 6.6. It 
can be seen that the maximum radiation force decreases when the thickness of the 
water layer is increased while the other layers are kept the same. For this reason, if a 
larger radiation force is required, a thinner water layer is recommended.  
In this model, in order to generate forces larger than 1 nN under otherwise 
unchanged conditions, the water thickness should be less than 100 µm. It should be 
noted that the pressures and radiation forces were extracted on the models with the 
Q-factors set to 100, except for the LNO. The Q-factor of water also took into 
account a certain concentration of particles in water. If the Q-factors were higher, 
corresponding to lower losses, especially for the water layer, then the pressures and 
radiation forces would be higher. Fig. 6.7 shows the pressure amplitude distribution 
through the thickness of a 2 mm thick water layer with a Q-factor of 1000. The 
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pressure of the USW and the radiation forces are, respectively, at least 3 times and 9 
times larger than those in the model with the Q-factor of 100. 
 
Figure 6.6 ITM-KLM modelled maximum acoustic pressures of the USW and time-
averaged primary radiation forces on a Ø10µm polystyrene sphere with varying water 
thickness. Input voltage = 10 Vpp. 
 
 
Figure 6.7 The ITM-KLM modelled pressure amplitude distribution through the 
thickness of a 2 mm water layer with a Q-factor of 1000. Input voltage = 10 Vpp. 
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PZFlex 
As discussed earlier, the lack of the full piezoelectric matrix of Y-36˚ cut LNO 
brings difficulties in FEM. Therefore, a PZ26 transducer with the same frequency 
was used to investigate the behaviour of the device. A PZFlex model with assigned 
materials and boundary conditions is shown in Fig. 6.8.  
 
Figure 6.8 PZFlex model of SPR-Chamber with assigned materials and boundary 
conditions.  
The thicknesses of the water and Macor layers were 0.5 mm and 1 mm. All materials 
were assigned with the properties defined within the PZFlex libraries, listed in 
Appendix A. To reduce the size of the model, only a thin slice of the actual length of 
the device was modelled, with symmetry boundary conditions assigned on both the 
Y-max and Y-min boundaries. A free boundary condition was assigned to simulate 
the air-backing of the transducer. The thickness of the Macor in a practical device 
can be larger than 5 mm. In order to reduce the size and run-time of the model and to 
maintain relative good accurate, a Macor layer of 1 mm thickness and an absorbing 
boundary was assigned to mainly investigate the standing wave distribution in water 
layer. The mesh size of the model was set as 5% of the wavelength in water (λw) at 
the 23.5 MHz frequency of interest. The models were excited by a short pulse, 
comprising a half cycle sinusoid at twice the frequency of interest, and were allowed 
to ring down fully, so that the oscillation decayed effectively within the runtime, as 
shown in Fig. 6.9 a. The electrical impedance spectrum of the model and the 
frequency response of the pressure output were extracted, as shown in Figs. 6.9 b, c 
and d. Then the pressure and velocity distributions of the model at the frequency of 
maximum pressure response were extracted, as shown in Fig. 6.10. Also, the 
normalised pressure and velocity distributions in the water layer were calculated for 
various ultrasound phases, as shown in Fig. 6.11. According to Eqns. 3.24 and 3.25, 
the pressure and velocity fields closely relate to the time-averaged potential energy 
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density potE  and kinetic energy density kinE  of the ultrasound field: higher 
pressure gives a higher potE  and higher velocity leads to a higher kinE . Therefore, 
dense particles will be moved to the pressure minima and velocity maxima.  
 
Figure 6.9 PZFlex modelling results: (a) ring down of the piezoelectric charge during 
the model runtime; (b) the impedance magnitude, (c) impedance phase and (d) the pressure 
response at 12 different positions through the water layer of the model. 
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Figure 6.10 Normalised (a) pressure and (b) velocity fields of the model at the frequency 
of maximum pressure response, 22.8 MHz. 
 
Figure 6.11 Normalised (a) pressure and (b) velocity distributions through the water 
layer, varying with the ultrasound phase. 
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Because of the assigned symmetry boundary conditions, the pressure and velocity 
distributions show a uniform USW pattern formed in a slice of the XY-plane of the 
device, Fig. 6.10. Therefore, a 2-D model was created with different boundary 
conditions, as shown in Fig. 6.12 a, to understand this situation more fully. The 
absorbing boundary condition was assigned as the same reason explained in the 
model shown in Fig. 6.8. In this model, a free boundary condition was assigned to 
represent air at the Y-max boundary. The normalised pressure and velocity 
distributions in the water layer were extracted at the frequency of maximum pressure 
amplitude, as shown in Fig. 6.12 b and c. It can be seen that somewhat periodically 
varying pressure distributions are formed, thus wavy trapping lines would be formed 
in the practical device. Moreover, the amplitude of the velocity near the top edge is 
significantly decreased, therefore after the particles are moved into the pressure 
nodal planes, they will then slowly move away from the edge to the velocity 
maxima. 
 
Figure 6.12 (a) A PZFlex model of SPR-Chamber with air on Y-max boundary, (b) 
varying pressure field and (c) velocity field in the water layer. 
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6.2.2 SPR-Capillary 
PZFlex 
A 2-D model of the SPR-capillary device was created in PZFlex, as shown in Fig. 
6.13. A glass capillary was coupled to the PZ26 transducer with 30 µm thick 
couplant, strictly required to avoid the air in the configuration of the practical device. 
The thickness of couplant was estimated experimentally. As noted previously, the 
capillary has a channel dimension of ~100 µm × 2 mm and a wall thickness of 
~100 µm. The thickness of PZ26 was 86 µm, giving a resonant frequency of interest 
of 23.8 MHz. Three types of couplants were modelled individually, i.e. medical 
ultrasound couplant (Z ≈ 1.5 MRayl, Diagnostic Sonar Ltd., Livingston, UK), 
Sonotech NDT gel (3.69 MRayl, Magnaflux of Illinois Tool Works Inc, USA) and a 
dummy liquid couplant with ideal but unreal parameters, e.g. acoustic impedance 19 
MRayl (calculated from Eqn. 3.29 with Zpz26 = 30 MRayl and Zglass = 12 MRayl), 
density of 4352 kg/m-3 and longitudinal and shear velocities of 4352 m/s and 0 m/s 
respectively. Other relevant material properties are listed in Appendix A. 
 
Figure 6.13 PZFlex model of SPR-Capillary with assigned materials and boundary 
conditions 
The symmetry boundary condition was assigned for reduction of the size of the 
model and effective runtime. The model was driven with one sinusoidal cycle at 
twice the frequency of interest. The mesh size of the model was set to be 5% of λw, 
the wavelength in water at the frequency of interest. The runtime was set to be 
sufficient for the ultrasound to make 10 round trips across the water channel. After 
coupling to the capillary with medical ultrasound couplant, the electrical impedance 
spectrum of the transducer was extracted. The impedance magnitude is shown in Fig. 
6.14 a. The pressure response in time domain at the mid-point of the channel was 
recorded. After performing a fast Fourier transform (FFT) on the time domain 
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response and normalising with the input voltage of the model, the pressure spectrum 
was extracted, as shown in Fig. 6.14 b. The resonant frequency of the transducer and 
another four frequencies with peak pressure responses and relatively low impedance 
magnitudes, noted in Fig. 6.14 b, were selected to observe the pressure and velocity 
fields, as shown in Fig. 6.15. As can be seen, two types of USW patterns, i.e. mode-
shapes, were formed at different drive frequencies, due to the dominant effect of 
capillary geometry on those resonant modes. Pattern A occurs when a USW or 
quasi-USW is formed parallel to both X and Z axes, e.g. at frequencies of 23.80, 
22.09 and 22.67 MHz. Pattern B occurs when a USW or quasi-USW is formed 
parallel to the X axis only, e.g. at frequencies of 23.46 and 24.94 MHz. It can also be 
seen that the pattern of the field is extremely sensitive to frequency, e.g. with only a 
3% frequency difference between the mode-shapes at frequencies of 22.67 and 23.46 
MHz. This high sensitivity to the driving frequency must be taken into account 
during practical experiments. 
 
 
Figure 6.14  (a) The impedance magnitude of the SPR-Capillary model, (b) normalised 
pressure spectrum at the mid-point of the water channel. 
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Figure 6.15 Normalised (a) pressure and (b) velocity in the water channel of the 
capillary in the model at different driven frequencies with 1 Vp input. 
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Similar mode-shapes were also achieved with the Sonotech NDT gel and dummy 
couplant. The maximum pressures generated in the water channel with different 
couplants and different response frequencies are shown in Fig. 6.16. As can be seen, 
the frequencies to form Pattern B in the setups with the three different couplants are 
all near the frequencies of 23.5 MHz and 24.9 MHz. 
 
Figure 6.16 The PZFlex modelled maximum pressure amplitudes generated in the water 
channel of the capillary with different couplant materials at different response frequencies 
with 1Vp input. 
As discussed in Chapter 3, ultrasound transmission and reflection at media interfaces 
strongly depend on the acoustic impedances of the media. Using Eqn. 3.6 and the 
acoustic properties of all relevant materials, the transmission of acoustic energy from 
the PZT into the water channel can be calculated as 3%, 11% and 35%, with medical 
ultrasound couplant, Sonotech NDT gel and dummy couplant, respectively. Hence, 
ideally, the pressure amplitude with Sonotech NDT gel and the dummy couplant 
should be about twice and 3.5 times that with the medical ultrasound couplant, 
respectively. However, these differences are not evident in Fig. 6.16. The reasons are 
thought to be (1) the non-optimized thickness of the coupling layers were used in the 
models of the SPR-Capillary; (2) the rounded side-wall of the glass capillary; and 
(3) the frequency sensitivity of the peak pressure making it easy to miss the highest 
response because of the quantized frequency step in FEA, i.e. Δf = 90, 40 and 
40 kHz for medical ultrasound couplant, Sonotech NDT gel and dummy couplant, 
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respectively. In any case, the pressure responses in the water channel at the selected 
frequencies are still relatively high, >0.25 MPa/Vp.  
6.2.3 SFR 
PZFlex 
A model of the SFR was created in PZFlex, including a quarter-ring PZ26 transducer 
with Epofix mounting, a water layer and a glass slide as the reflector, as shown in 
Fig. 6.17 a. The relevant material properties can be found in Appendix A. The OD 
and ID of the quarter-ring were 6 and 5 mm respectively and the 1 mm thick glass 
reflector was placed so as to ensure the focal point of the transducer field was 
located at the front centre of the glass. A symmetry boundary condition was used to 
reduce the model size. Absorbing boundary conditions were assigned on the edges of 
the Epofix to represent the high scattering and absorption of the GMB-loaded-Epofix 
in the practical devices. The free boundary condition was assigned to represent the 
air behind the glass. Because each piece of a piezoelectric element in PZFlex can be 
assigned only one unique poling direction, the radially poled quarter-ring transducer 
was divided into 18 pieces, each representing a 5° arc, with individual poling 
directions, as shown in Fig. 6.17 b.  
 
Figure 6.17 (a) A PZFlex model of the SFR with assigned materials and boundary 
conditions; (b) the assigned electrodes and radial poling directions of the quarter-ring 
transducer 
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The model was driven with one sinusoidal cycle at a frequency of 45 MHz, 
approximately 10 times the fundamental frequency of the quarter-ring transducer. 
The mesh size of the model was set as λw/15, where λw is the wavelength in water at 
45 MHz. The run time was set to be sufficient for the ultrasound to make five round 
trips from the inner arc centre of the quarter-ring transducer to the glass reflector. 
Then the impedance magnitude and pressure spectra at the focal point of the 
transducer were extracted, as shown in Fig. 6.18. The fundamental and 3rd, 5th and 7th 
harmonic resonances can be clearly seen in the impedance spectrum, Fig. 6.18 a. 
Moreover, each resonance gives a local peak pressure response, Fig. 6.18 b.  
 
Figure 6.18 (a) The modelled impedance magnitude of the quarter-ring transducer of the 
SFR; (b) the pressure spectrum at the focal point of the transducer 
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The pressure and velocity distributions at those resonant frequencies were then 
extracted, as shown in Figs. 6.19 and 6.20. All distributions were individually 
normalised to their own maxima value in the water, as listed in Table 6.2.  
 
Figure 6.19 (a) The modelled pressure field, (b) Z-velocity field and (c) X-velocity field 
of the SFR at the fundamental resonant frequency of 3.93 MHz. 
As can be seen in Fig. 6.19, a quasi-USW was formed in the water, especially clearly 
near the focal point at the reflector. The pressure node with potential energy 
minimum, which is also the Z-velocity anti-node, is about half wavelength from the 
glass reflector in the central line, as shown in Figs. 6.19 a and b. Therefore, primary 
radiation forces will arise on particles that already rest near the middle of the glass 
slide. Depending on the relationship between the primary radiation forces and the 
buoyance and gravity forces, Eqn. 3.37, the particles can potentially be lifted and 
gathered at the potential energy minimum (pressure node) and kinetic energy 
maximum (Z-velocity anti-node). Because of the transducer geometry, a non-
uniform X-velocity field is also generated, Fig. 6.19 c. The maximum amplitude of 
this field is about a quarter of the maximum amplitude of the Z-velocity (Table 6.2) 
and is located away from the central line at the boundary between the reflector and 
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the water. Therefore, it is possible that particles at some positions can be pushed 
away from the central line and towards the X-velocity anti-nodes. Similar pressure 
and velocity fields were found when the device was driven at the 3rd and 5th 
harmonic resonant frequencies, Fig. 6.20. The 3rd harmonic resonant frequency gives 
the highest pressure at the focal point, because the electrical impedance is closest to 
50 Ω, as shown in Fig. 6.18 a.  
 
Figure 6.20 The modelled pressure, Z-velocity and X-velocity fields of the SFR at (a) 
the 3rd harmonic resonant frequency, 13.54 MHz, and (b) the 5th harmonic resonant 
frequency, 22.49 MHz. 
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Table 6.2 The modelled maximum amplitude of pressure and velocity in the water 
layer at the fundamental and 3rd and 5th harmonic frequencies with 1Vp input 
 Fundamental 3rd harmonic 5th harmonic 
Pressure (MPa) 0.175 0.306 0.268 
Z-velocity (mm/s) 0.11 0.19 0.17 
X-velocity (mm/s) 0.029 0.053 0.044 
 
6.3 1-D Array Lateral Manipulation Device 
PZFlex 
In Chapter 5, most of the relevant dimensions of the piezocomposite-based 1-D array 
were decided, after consideration of performance optimisation, manufacturability 
and difficulties in modelling. With the dimensions listed in Table 5.1 and the 
relevant material properties listed in Appendix A, 3-D PZFlex models were created 
to investigate the effects of the thickness of the piezocomposites, as shown in Fig. 
6.21. The results suggested that a thickness of 670 µm would give an operating 
frequency of approximately 2.2 MHz for PZ26 piezocomposite, and a thickness of 
450 µm for PMN-PT piezocomposite. Fig 6.22 shows the impedance magnitude and 
phase of the PMN-PT composite, with the inter-pillar resonances (circled red) well 
separated from the fundamental resonance frequency range. 
 
Figure 6.21 3-D PZFlex model of 1-3 piezocomposite 
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Figure 6.22 Impedance magnitude and phase of a 1-3 PMN-PT composite with 450 µm 
thickness. Red circle indicates the inter-pillar resonances well separated from the 
fundamental resonance frequency range.  
 
For the 1-D array lateral manipulation device, fine meshed PZFlex models were 
required to gain sufficiently accurate results for the investigation of the ultrasound 
field in the water layer. Instead of time consuming 3-D models, two 2-D models 
were created to simulate the operation of the manipulation device in the XZ- and 
YZ-planes of the device, as shown in Fig. 6.23. The dimensions and material 
properties were the same as for the 3-D models. The capillary had a channel 
dimension of 300 µm × 6 mm, and a glass wall thickness of 100 µm. An estimated 
25 µm thick couplant gel was included between the transducer array and the 
capillary. A mesh size of 6.25 µm was used for the water and couplant layers, and of 
25 µm for the other materials. The model was driven with one sinusoidal cycle at a 
frequency of 5 MHz, approximately twice the frequency of interest. The runtime was 
set to be sufficient for the ultrasound to make 10 round trips across the whole 
capillary. The impedance spectra and the pressure spectrum at the centre of the water 
layer were extracted, as shown in Fig. 6.24. Three high pressure peaks are evident in 
Fig. 6.24 b, their frequencies were selected to obtain the pressure and velocity fields. 
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Figure 6.23 2-D PZFlex models of the 1-D array lateral manipulator, (a) XZ-plane, each 
PZ26 pillar indicates one array element, and (b) YZ-plane, 30 PZ26 pillars indicate one 
array element. 
 
Figure 6.24 (a) The modelled impedance magnitude and (b) the pressure spectra at the 
centre point of the water layer in the XZ-plane and YZ-plane models 
Fig. 6.25 shows the pressure fields when all 30 pillars of the piezocomposite were 
driven at the peak response frequencies, f1 = 1.64 MHz, f2 = 2.58 MHz and f3 = 
3.14 MHz. In the XZ-plane, the highest pressure amplitude of the USW with 1 Vp 
input is 0.238 MPa at frequency f2. Therefore, all pressure amplitudes were 
normalised to this pressure. As can be seen, for both the XZ- and YZ-planes, the 
frequency f1 has one pressure node in the water layer near the bottom water channel 
wall; frequency f2 has one pressure node near the central line of the water channel; 
and frequency f3 has two pressure nodes, one in the bottom channel wall near the 
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water layer and the other near the central line of the channel. These results 
indicatethat f2 and f3 are suitable for driving the device at a half wavelength 
resonance. However, because f3 generates a pressure node in the channel wall, it 
tends to raise a force towards the bottom of the fluid layer. In contrast, f2 generates 
only a force to push particles away from the bottom of the channel. Also, because the 
pressure magnitude of the USW is much higher for f2 than f3, the force resulting 
from excitation at f2 is generally higher than for f3. Therefore, it is concluded that f2 
is practically more useful in manipulation of dense particles to the middle of the 
water channel. Similar phenomenon can be observed in the YZ-plane model, but 
with corrugated fields caused by the capillary geometry in the width (Y) direction, 
Fig. 6.25 b. 
 
Figure 6.25 PZFlex modelled pressure fields of (a) XZ-plane, and (b) YZ-plane when all 
30 pillars of the piezocomposite are driven at the frequencies at which peak responses are 
observed. 
  
Chapter 6 
134 
 
Following this analysis, f2 was applied to the model to investigate changes in the 
pressure and velocity distributions under different operating conditions:  
• Changing the number of active elements in the array 
• Altering the active elements along the water channel 
Figs. 6.26 and Fig. 6.27 show the pressure and velocity distributions of the device 
under different conditions in the XZ-plane, respectively. Each acoustic field is 
individually normalised to its own maximum amplitude in the water layer and red 
arrows indicate the active elements. The amplitude of the USW field, in terms of 
pressure and velocity, is higher when a larger number of elements are activated, 
simply because more acoustic energy is transmitted into the water layer. However, 
similar amplitudes are generated when different sets of the same number of elements 
are active, e.g. less than 5% difference in Figs. 6.26 c-e and Figs. 6.27 c-e. It can also 
be seen that, no matter how many elements are active in a continuous set, the 
pressure minimum is always close to the central line of the channel, and the velocity 
maximum is always above the middle of the active elements in the central line of the 
channel.  Hence, for dense particles in water, the particles will be driven towards the 
potE minimum, i.e. the pressure nodal plane close to the central line of the channel. 
Once the particles reach the pressure nodal plane, there is no further contribution 
from the  potE  terms (Eqn. 3.21), and the kinE  term provides an additional force 
to drive the particles to its kinE maximum, i.e. above the active elements in the 
channel. As discussed in Chapter 3, the lateral force component caused by kinE  is 
typically smaller than the axial component from potE . Therefore, the particles first 
move rapidly to the vertical central line then slowly agglomerate above the middle of 
the active elements lengthwise in the channel. When the same number of active 
elements is shifted along the channel, the change in the position of the kinE  
maximum leads to the trapping site of the agglomerated particles moving along the 
central line of the channel, as shown in Fig. 6.27 c-d. 
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Moreover, besides of the main trapping site (MTS), the subsidiary trapping sites 
(STSs) can also be generated, as indicated in Fig. 6.27 e, because of edge effects in 
the geometry of the complete device, lateral acoustic modes and flexural waves in 
the glass capillary. STSs can potentially limit the performance of the device during 
the lateral motion of the agglomerated particles, depending on the distance between 
the MTS and the STSs. If the step between the sets of active elements is too large, 
the particles may be drawn to a STS that is closer than the new MTS. However, in 
the models that have been presented here, the STSs are always far away from the 
MTS and have much smaller amplitudes than the MTS.  
 
Figure 6.26 PZFlex modelled pressure distributions of the 1-D array lateral manipulator 
under different operating conditions: (a) all 30 elements active, (b) 15 elements active, and 
(c-e) sets of 3 elements active, shifted along the channel. The elements are driven at f2. Each 
field is individually normalised to its own maximum amplitude in the water layer. Red 
arrows indicate the active elements. 
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Figure 6.27 PZFlex modelled velocity distributions of the 1-D array lateral manipulator 
under different operating conditions: (a) all 30 elements active, (b) 15 elements active, and 
(c-e) sets of 3 elements are active, shifted along the channel. The elements are driven at f2. 
Each field is individually normalised to its own maximum amplitude in the water layer. Red 
arrows indicate the active elements. 
 
Changing the PZ26 ceramic to PMN-PT piezocrystal, similar results and acoustic 
fields were achieved, but PMN-PT gives higher pressure amplitudes and velocity 
gradients, as shown in Table 6.3. Because the radiation force is proportional to the 
square of the amplitude of the pressure and velocity, the models indicate that PMN-
PT will generate up to twice the amplitude of the axial and lateral radiation forces. 
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Table 6.3 Maximum amplitudes of pressure and velocity in the water layer generated 
by devices with different piezoelectric material in the piezocomposite (1Vp input) 
 Active elements  PZ26-Epofix PMN-PT-Epofix Ratio 
Maximum 
Pressure (MPa) 
30 elements  0.238 0.339 1.42 
3 elements  0.076 0.095 1.25 
Maximum 
velocity (mm/s) 
30 elements  0.158 0.225 1.42 
3 elements  0.05 0.062 1.24 
 
 
6.4 2-D Matrix Array Manipulation Device 
PZFlex 
The 2-D thick film PZT transducer array and the manipulation device, Fig. 5.21, 
were modelled using both 2-D and 3-D models in PZFlex, the 2-D model to explore 
the dependence of the acoustic radiation forces on the thickness of the coupled fluid 
layer and the 3-D model to inspect pressure distributions and predict particle 
trapping sites across the width of the device. 
The 2-D model is shown in Fig. 6.28 with the materials and layer thickness listed in 
Table 6.4. The material properties of the PZT (IKTS-PZ5100) and other relevant 
materials are listed in Appendix A. The FEA mesh size was 2.75 µm, approximately 
1.4% of the wavelength in water, λw, at the 7.5 MHz frequency of interest, and the 
complete model was assigned a width of four times the mesh size, with symmetry 
boundary conditions on both sides. This 2-D model could therefore also be 
considered close to a 1-D model because of the infinite width resulting from the 
symmetry conditions. The model was excited with a short pulse, comprising a half 
cycle sinusoid at frequency of 15 MHz, and was allowed to ring down, with 
oscillation decaying fully within the runtime.  
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Figure 6.28 2-D PZFlex model of one element of the 2-D matrix array manipulator 
 
Table 6.4  Layer parameters in the 2-D model 
Layer Bottom / Top electrode 
Thick 
film PZT Substrate Fluid layer Reflector 
Material Gold IKTS-PZ5100 Alumina  Water  
Crown 
glass  
Thickness 
(µm) 11 137 250 
n*λw/2  
(n=1, 2, 3, …) 
100 
 
The electrical impedance spectra of the models were derived from the simulated 
voltage and current responses, as shown in Fig. 6.29, building up the complete model 
layer by layer. When an alumina layer is added to the thick film PZT, the thickness-
mode fundamental resonant frequency of the complete transducer shifts down and a 
second harmonic resonance appears (Fig. 6.29 c and d). When the water layer is 
added, more resonances appear near the transducer resonant frequencies because of 
the periodicity caused by the water layer (Fig. 6.29 e and f). The thicker the water 
layer, the greater the spectral density of the system resonances with the trend of the 
transducer resonance superimposed (Fig. 6.29 g and f). As discussed earlier, these 
resonances are closely related to the low damping of the resonant system, and arise 
from the fact that the wavelength in the water is much smaller than the thickness of 
the water. The pressure distribution in all the layers at the frequency of maximum 
pressure response was also calculated, with two examples with different thicknesses 
of water shown in Fig. 6.30.  
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Figure 6.29 PZFlex modelled electric impedance magnitude and phase of (a, b) thick 
film PZ5100 layer with Au electrodes, (c, d) PZ5100 on Al2O3 substrate, (e, f) PZ5100 with 
Al2O3, a 100 µm (λw/2) water layer, and a 100 µm glass reflector; and (g, h) PZ5100 with 
Al2O3, a 6000 µm (30λw) water layer, and a 100 µm glass reflector. 
 
 
Figure 6.30 PZFlex modelled acoustic pressure through the thickness of all layers of the 
complete device under 1 Vp excitation, (a) transducer with half wavelength water, (b) 
transducer with 30 wavelengths water. 
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The maximum pressure calculated in the water was used to calculate the time-
averaged acoustic radiation force on a Ø10 µm glass sphere using Eqn. 3.21. The 
maximum pressure gradient and time-averaged radiation force at 1 Vp excitation is 
shown against the thickness of the water layer in Fig. 6.31. It shows that if the 
thickness of the water layer increases and other parameters are kept the same, the 
maximum radiation force on the particle decreases, in agreement with result from 
other methods (Glynne-Jones, Boltryk, et al., 2012). Thus, if a larger radiation force 
is required, a thinner water layer should be used. 
 
Figure 6.31 PZFlex modelled maximum acoustic pressure in water layer and maximum 
time-averaged primary radiation force on an Ø10µm glass sphere with 1 Vp excitation 
 
Following the 2-D modelling, a 3-D FEA model, Fig. 6.31, was created with 100 µm 
thickness of water and the same thicknesses as the 2-D model for the other layers. 
The element pitch of the array in both dimensions was 2.3 mm and the dimensions of 
each individual PZT element were 2 × 2 mm2 with top electrodes of 1.7 × 1.7 mm2. 
These dimensions give an electrical impedance magnitude of approximately 50 Ω at 
the fundamental resonant frequency, convenient for electrical impedance matching 
to driving electronics. The FEA mesh size was approximately λw/20 in the Z-
direction, through the thickness of the device, and approximately λw/5 in the X- and 
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Y-directions, because of their larger dimensions. The model was excited by the same 
pulse shape as the 2-D model and oscillation was allowed to decay completely. As 
for the 2-D model, the mode shape was calculated at the frequency of maximum 
response. The normalised pressure distributions near the nodal and anti-nodal planes 
in the water are shown in Fig. 6.33, where it can be seen that the width at half the 
pressure amplitude maximum is approximately 0.4 mm. Because of the lack of 
overlap of energy gradients because of the larger element widths, it is impossible to 
transport particle agglomerates by switching active array elements as in the 1-D 
lateral manipulation device; an array with a smaller pitch and element size would be 
required to realize such lateral transportation.  
 
Figure 6.32 Structure of 3-D FEA models of 2-D thick film array resonator 
 
 
Figure 6.33 Normalised pressure distribution near (a) the nodal and (b) anti-nodal planes 
in the water layer of the 2-D array with all 36 elements active.  
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6.5 Discussion and Conclusions 
The layer configurations, relevant dimensions, resonant frequencies, pressure and 
velocity distributions of three types of USW manipulation devices have been studied 
by applying three modelling methods appropriately. The behaviour and performance 
of the devices have been predicted by the modelling results.  
Three configurations of the single element high frequency ultrasonic resonator, SPR-
chamber, SPR-capillary and SFR, were modelled with ODM, ITM-KLM and 
PZFlex. The results showed that high pressure gradients, which can realize high 
acoustic radiation forces, can be generated within thin water layer in the SPR 
configurations, e.g. > 0.5 MPa/Vp in the SPR-Capillary at certain selected 
frequencies.  
For the SFR, the quarter-ring focused transducer and a glass reflector formed a 
quasi-USW with relatively high pressure gradients, in the range of 0.1 – 0.3 MPa/Vp. 
Although the fundamental resonant frequency of the transducer was only around 
4 MHz, it is possible to drive the device at its 3rd and 5th harmonic frequencies to 
achieve higher radiation forces and smaller spacing of trapping sites. 
For the 1-D array lateral manipulation device, PZFlex models were used to 
investigate the behaviour of the device under different driving conditions. Very 
similar amplitudes can be generated for a given number of active elements. Even for 
elements near the array edge, a difference of less than 5% can be achieved. The FEA 
also showed that the pressure minima always close to the vertical centre line of the 
water channel, and the velocity maxima always above the middle of the set of active 
elements in the centre line of the water channel. As the axial component of the 
radiation force, i.e. potE  term in Eqn. 3.21, is generally larger than the lateral 
component, kinE , dense particles will move rapidly towards the pressure minimum, 
near the vertical centre line of the water channel. Once the particles reach this 
pressure nodal plane, the radiation force, of which only the lateral component 
remains, slowly drives the particles to the velocity maximum, above the middle of 
the active elements. When the set of active elements was altered along the water 
channel, the position of the velocity maximum changed, leading to the particles 
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moving along the channel towards the new set of active array elements. The FEA 
also showed higher pressure and velocity gradients generated in device based on 
PMN-PT - Epofix piezocomposite, leading to higher axial and lateral radiation 
forces, compared to the PZ26 - Epofix piezocomposite device. 
The 2-D thick film PZT transducer array and the corresponding resonant device were 
studied using 2-D and 3-D PZFlex models. The dependence of the acoustic radiation 
forces on the thickness of the coupled fluid layer was explored. The result suggests a 
thicker water layer leads to a smaller radiation force on the particle, so that a thinner 
water layer is recommended when a larger radiation force is required. The pressure 
field in the water layer of the 3-D FE model showed the width at half maximum of 
pressure amplitude is approximately 0.4 mm. The lack of geometrical overlap of 
energy gradients between adjacent elements suggests that the device will be unable 
to transport the particle agglomerate laterally by altering the active array elements in 
the same way as the 1-D lateral manipulation device. Because the main purpose of 
this device was to demonstrate the feasibility of the thick-film, screen-printing 
manufacturing process for complex manipulation devices, the array dimensions were 
optimised to achieve an approximate electrical impedance of 50 Ω for simple 
electronics. In future, if the lateral transportation function is essential, an array with 
smaller pitch and element size will be required.  
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Chapter 7 RESULTS AND DISCUSSION 
 
7.1 Introduction 
The previous chapter described investigations of the proposed layer configurations 
and relevant dimensions of three types of USW manipulation devices in ODM, ITM-
KLM and PZFlex. Moreover, a 1-D ultrasonic array lateral manipulation device 
based on a kerfless linear array has also been modelled with Comsol Multiphysics 
and reported elsewhere (Glynne-Jones, Demore, et al., 2012). From all these 
simulation results, the behaviour and performance of the devices have been 
predicted. Based on these, devices were then fabricated and tested. Thus, this chapter 
presents the results of the manufacture, characterisation and experimental evaluation 
of the devices. Each section includes the results obtained from a single type of 
devices: 
• Single element high frequency ultrasound resonators 
o SPR-chamber 
o SPR-capillary 
o SFR 
• 1-D ultrasonic array lateral manipulation devices 
o 12-element array device based on PZ26 bulk material 
o 30-element array device based on 1-3 PMN-PT piezocomposite 
• 2-D thick film PZT matrix array manipulation devices 
A detailed well-defined fabrication process for each device is presented, and 
followed by the discussion on issues raised during the manufacture. The results of 
the characterisation and experimental evaluation are also compared with the 
simulation results.  
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7.2  Single Element High Frequency Ultrasound Resonators 
7.2.1 SPR-Chamber 
Manufacture 
The prototype device was fabricated by traditional methods with the process flow 
detailed in Appendix D. Each component of the device was fabricated individually.  
The ultrasonic transducer was fabricated from a 3-inch Y-36°-cut LNO wafer (Roditi 
International Corporation Ltd, London, UK), which was diced to obtain several 
2 × 5 mm2 plates with a MicroAce 66 dicing saw (Loadpoint Ltd, Swindon, UK). 
These were lapped down to 135 µm with a PM5 Lapping and Polishing System 
(Logitech Ltd., Glasgow, UK) as shown in Fig. 7.1 a. After applying Ag-paint 
electrodes (Electrodag 1415, Acheson Colloids BV, Netherlands) on one side of the 
LNO element, a Cu wire was attached with conductive Ag epoxy (G3349, Agar 
Scientific, UK).  
The transducer was then fitted into a PTFE mould (2 × 15 mm2) which was filled 
with Epofix (Struers, Rotherham, UK), mixed with GMB (K1, 3M™, Bracknell, 
UK) with a 6:1 mass ratio, Fig. 7.1 b. After 14 h curing at room temperature and 
demoulding, Ti/Au (30 nm / 50 nm) thin film electrodes were deposited on the front 
face and connected to an electrical ground wire to obtain good conductivity and 
thickness uniformity (Fig. 7.1 c).  
The reflector and spacers were fabricated from Macor machineable glass ceramic 
(Corning Incorporated, NY, USA), lapped and polished to obtain a uniform surface 
finish and good parallelism. The transducer and reflector were then aligned with the 
spacers in between and bonded together with quartz wax (0CON-20, Logitech Ltd., 
Glasgow, UK). Quartz wax was used to allow device disassembly and reassembly 
with alternative components, Fig. 7.1 d. 
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Figure 7.1  (a) Two diced, lapped and polished LNO plates, (b) two transducers with 
GMB-loaded-Epofix mounting, (c) a high frequency transducer deposited Ti/Au, and (d) an 
assembled prototype device. 
Electrical Impedance Spectroscopy 
The electrical impedance magnitude and phase spectra of the fabricated transducer 
were measured in air and water using an impedance analyser (4395A, Agilent, CA, 
USA). Fig. 7.2 shows relatively good agreement between the measured and ODM 
modelled impedance spectra of the transducer in air. The experimental result 
suggests higher damping and a lower resonant frequency because of the GMB-
loaded-Epofix mounting on the LNO. The impedance spectra were also measured 
after device assembly with water in the chamber and the result were compared to the 
spectra measured in water under free-field conditions, as shown in Fig. 7.3.  
 
Figure 7.2 The measured (solid line) and ODM modelled (dashed line) impedance 
spectra of the transducer in air 
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Figure 7.3 Impedance spectra of the transducer in water in free-field conditions 
(dashed line) and in the resonant device with reflector in place (solid line). 
 
As can be seen in Fig. 7.3, overtone resonances from the chamber arise in the 
spectrum of the device, especially near the resonant frequency of the transducer. As 
previously discussed in Section 6.2.1, this is because the wavelength of the 
ultrasound in the water is much smaller than the layer thickness (Gröschl, 1998) and 
the acoustic echoes from the reflector effect the electrical impedance. In the 
experiments, it was also found that a thicker water layer led to denser overtone 
resonances as expected, verifying the modelling results shown in Fig. 6.2.  
It was also found that the alignment status of the resonant device, i.e. the parallelism 
between the transducer and reflector, could strongly affect the amplitude of the 
overtones: better alignment led to higher amplitude. To verify this phenomenon, 
another resonant device with adjustable angle and distance was developed, and 
cepstral analysis (Bige et al., 2006; Childers et al., 1977; Oppenheim and Schafer, 
2004) was applied to analyse the overtone electrical impedance spectra of the 
resonant device. The mathematical basis of the cepstral analysis and the 
experimental validation are presented in Appendix E. These demonstrate that real 
time cepstral analysis can be a useful technique for characterisation of acoustic 
resonance systems such as the ones described here. Through the parameters of the 
cepstrum, it is possible to obtain the parallelism and width of an ultrasonic resonant 
chamber purely from measured electrical impedance spectrum of the ultrasound 
source. More importantly, it was found that if the technique was adopted during the 
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assembly of ultrasonic resonators, it was able to achieve better performance than 
using difficult visual alignment techniques, as shown in Fig. 7.4.  
 
Figure 7.4 Trapping performances of a USW manipulation device after (a) microscope 
visual alignment, (b) cepstrum assisted alignment. Note: the large white spots are the 
artefacts of the microscope. Scale bars = 100 µm. 
 
Laser Vibrometry 
The vibration behaviour of the fabricated transducer was characterised using UHF-
120 ultra-high frequency vibrometer (Polytec GmbH, Waldbronn, Germany). A 
frequency range of 20 to 30 MHz was swept to obtain the displacement response of 
LNO transducer under an applied voltage of approximately 30 mVp, as shown in 
Fig. 7.5. The maximum peak amplitude was approximately 50 pm at approximately 
23.3 MHz, in good correspondence with the result from electrical impedance 
spectroscopy. The -6 dB bandwidth was approximately 23%. The displacement 
profile of the LNO was mapped with a 10.85 µm step size at the frequency of 
23.3 MHz under the same applied voltage, as shown in Fig. 7.6. The displacement 
profile shows that a relatively uniform vibration was generated. Only a few out-of-
phase positions were thought to be caused by the defects on the rear side Ag ink 
electrode and / or in the LNO itself, thus the vibrations had phase lag at those points 
contributed by lateral wave propagation. 
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Figure 7.5 The input voltage and displacement response of the transducer in the sweep 
frequency range 20 – 30 MHz 
 
Figure 7.6 The displacement profile of the front surface of a 2 × 5 mm2 LNO 
transducer at 23.3 MHz 
 
Acoustic Pressure Characterisation 
The acoustic pressure output from the fabricated transducer was measured using a 
fibre optic hydrophone (FOH, FP11-30P, Precision Acoustics Ltd., Dorchester, UK) 
with the experimental setup shown in Fig. 5.12. The transducer was driven at its 
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resonant frequency, f = 23.3 MHz. The driving signals at voltages up to 10 Vp were 
directly output from a waveform generator (32220A, Agilent, CA, USA) and those at 
higher voltages range were output from the waveform generator, passed through a -
20 dB attenuator and amplified by a +55 dB RF power amplifier (ENI-3100LA, 
Astec America Inc., NY, USA). The FOH was placed perpendicularly 1 mm away 
from the front face of the transducer and a linear scan with a 0.1 mm step size was 
performed for each input voltage amplitude. The response of the FOH at each step 
was recorded. For each linear scan, the response amplitudes of 30 sequential steps 
near the centre of the transducer were averaged. The average value was then 
converted to pressure amplitude according to the manufacturer’s calibration of the 
FOH sensitivity at the driving frequency.  
Two sets of experiments were performed on two different lines. The results are 
shown in Fig. 7.7. The error bars were added according to the 20% pressure 
uncertainty at the driving frequency suggested by the FOH supplier. As can be seen, 
the acoustic pressure response is linear with the input voltage, achieving 
approximately 0.04 MPa/Vp. 
 
Figure 7.7 The acoustic pressure output from the transducer under different input 
voltages. 
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Microparticle Manipulation Evaluation  
A microparticle manipulation experiment was performed to evaluate practical device 
performance. A 0.02 ml mixture of Ø10 µm polystyrene beads (Polysciences Inc., 
Warrington, PA, USA) in degassed water (beads concentration approximately 
4.55×106 particles/ml) was injected into the chamber with a pipette. When the 
transducer was driven with a 23.3 MHz sinusoidal CW signal at 10 Vpp, the beads 
moved rapidly to the nearest pressure nodal plane and formed a horizontal band 
structure with a spacing of about 35 µm, as shown in Fig. 7.8. It also can be noticed 
that three or four beads were trapped between two adjacent band structures in some 
positions. This is attributed to the strong particle-particle interaction forces because 
of the short distance between pairs of trapping lines. When the power was turned off, 
the beads started to agglomerate at those positions (Fig. 7.8 c), confirming this 
expectation.  
 
Figure 7.8 Ø10 µm polystyrene beads trapped in an USW field. The transducer was 
driven with sinusoidal CW signal of 10 Vpp. The transducer was above and the reflector 
below each image. Scale bar = 100 µm. 
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The motion of the particles during the experiment was recorded with a 28 fps frame 
rate. Later the video was cropped to a length of approximately 1 s, starting around 
0.5 s before the transducer was turned on. The velocity of each individual particle 
was analysed with the open source software ImageJ (Schneider et al., 2012) with the 
process shown in Fig. 7.9. The velocity was then used to calculate the Stokes drag 
force from Eqn. 3.38, with the results shown in Fig. 7.10. 
 
Figure 7.9 Process flow of particle tracking and velocity analysis. The transducer was 
on the left of each image in (I), (II) and (III). 
 
Figure 7.10 (a) The calculated x-velocity and Stokes drag force for each individual 
particle through the video frame, (b) a histogram of the maximum forces on the analysed 
particles.  
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As can be seen, the velocities increased dramatically when the transducer was turned 
on (t ≈ 0.5 s), after which the velocity reached a maximum in a short period then 
decreased until the particle was trapped in the pressure node. Depending on the 
initial position of the particle relative to the pressure node, the maximum force on 
each particle was different. A histogram of the maximum forces on the analysed 
particles is shown in Fig. 7.10 b with the maximum Stokes drag force being 44.9 pN. 
As discussed in Section 3.6.1, the time to reach the force equilibration between 
Stokes drag force and the acoustic radiation force is in the order of 10-7 − 10-5 s. 
Thus the amplitude of the acoustic radiation force can be roughly estimated as the 
same as the Stokes drag force, suggesting a maximum estimated acoustic radiation 
force of 44.9 pN on a particle. This is very similar to the KLM-ITM modelling 
results of 46.7 pN with water thickness of 1.92 mm and Q-factor of 100, 
corresponding to a USW pressure amplitude of 142 kPa, Fig. 6.6. 
During the experiment, a strong streaming effect was noticed. Therefore, the device 
was also driven at the same frequency and amplitude, 23.3 MHz and 10 Vpp 
respectively, but in burst mode, with a 50% duty cycle and burst length of 100 cycles. 
In this case, the concentration of beads was diluted by a factor of three to reduce the 
effects of particle-particle interations. The result is shown in Fig. 7.11. Compared to 
the experiments with CW drive, the burst mode took longer to move the beads to the 
trapping sites and the streaming effect was also reduced. 
 
Figure 7.11 Manipulation of Ø10 µm polystyrene beads in the device with a 10 Vpp 
23.3 MHz sinusoidal wave with a 50% duty cycle and burst length of 100 cycles. The 
transducer was above and the reflector below each image. Scale bar = 100 µm. 
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7.2.2 SPR-Capillary 
The transducer used in the SPR-Capillary device was fabricated in the same batch as 
the one used in the SPR-Chamber, but it was further lapped to obtain a height of 
1.1 mm in the elevation direction. Two Macor spacers used to lift the capillary have 
been lapped to obtain a thickness of 0.4 mm. Therefore, a capillary of 0.1 × 2 mm2 
channel dimension and 0.1 mm wall thickness (W5010, VitroCom, NJ, USA) can be 
lifted up to the mid-height level of the transducer, as shown in Fig. 7.12. Medical 
ultrasound couplant was used to avoid air in the gap between the LNO element and 
the capillary side edge. As expected, the gap's width would change slightly when 
capillary was replaced. However, the variation was always controlled and measure in 
a range of 30 - 50 µm with microscope. 
 
Figure 7.12 Assembled SPR-Capillary device 
 
Temperature Changes 
As discussed in Section 3.6.2, when the transducer is operated, its temperature 
increases due to energy dissipation, and the heat can be transmitted into adjacent 
structures or layers. To explore the temperature changes of the device during 
operation, a series of temperature measurements was carried out with an infrared 
camera, Fig. 5.13. A thermal image of the device coupled to a water-filled capillary 
is shown in Fig. 7.13 a. The maximum temperature of the capillary adjacent to the 
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transducer was recorded every 40 ms and a moving average of the data every 1 s 
(25 data points) was calculated to smooth the raw data, as shown in Fig. 7.13 b. 
Different drive conditions were explored, including excitation voltages (6, 8 and 
10 Vpp), and CW and burst modes (50% and 25% duty cycle with 100 cycles in each 
burst). The device was driven at the 23.3 MHz resonant frequency of the transducer 
in all cases.  
A representative temperature change curve is shown in Fig. 7.13 b. Once the 
transducer was activated at t0, the temperature rose rapidly to t1, then it more slowly 
increased until reaching an equilibrium temperature, Te, at t2. The temperature rise 
rate dropped because of the heat transmitted into adjacent structures, having a large 
thermal inertia. This equilibrium status was maintained until the driving conditions 
of the transducer were changed, e.g. once the transducer was turned off at t3, the 
temperature decreased rapidly.  
 
Figure 7.13 (a) A thermal image of the resonant device, (b) temperature change at a 
point on the capillary adjacent to the transducer.  
  
Chapter 7 
156 
Fig. 7.14 a shows the temperature increases of the device under different driving 
conditions. The higher input voltage and larger duty cycle of the signal lead to the 
higher temperature increase. Also, for the case of higher input voltage and larger 
duty cycle, the time to reach Te is generally longer. The maximum temperature 
increase was taken by averaging the temperature increase after the Te between 240 s 
to 300 s. Fig. 7.14 b shows that the maximum temperature increase is proportional to 
the voltage squared and the duty cycle. Therefore, it is possible to reach and 
maintain the temperature of the device in a certain range on demand, e.g. to maintain 
conditions favourable for biological cells, by taking advantage of internal ultrasound 
heating. 
 
Figure 7.14 (a) Temperature increase under different driving conditions, (b) maximum 
temperature increase shown proportional to voltage squared and duty cycle. 
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Microparticle Manipulation Evaluation 
A microparticle manipulation experiment was performed to evaluate the device 
performance before cell experiments. A mixture of Ø1 µm fluorescent polystyrene 
beads (Polysciences Inc., Warrington, PA) in degassed water (beads concentration 
approximately 4.55×109 particles/ml) was drawn into the capillary by “capillary 
action”. The fluorescent beads were observed in the capillary through an epi-
fluorescence microscope. The device was driven with a 5 Vpp sinusoidal CW signal. 
A frequency range of 20 to 30 MHz was swept at a rate of 0.1 MHz to determine the 
resonant frequency of the device, at which the beads were well trapped. The best 
particle trapping performance was achieved at a frequency of 24.6 MHz, although 
the trapping lines were broken at some locations because of the strong acoustic 
streaming and weak acoustic radiation forces on 1 µm particles, as shown in 
Fig. 7.15.   
 
Figure 7.15 Ø1 µm fluorescent polystyrene beads trapped in an USW field, (a) power 
off, (b) power on, and (c) magnification of (b). The transducer was driven with 5 Vpp CW 
signal at 24.60 MHz. Scale bar = 50 µm. 
The microparticle manipulation experiments were also performed with Ø10 µm 
fluorescent polystyrene beads to estimate the maximum acoustic radiation force on 
the particles using the same method as for the SPR-Chamber device. The beads 
concentration was approximately 1.5 × 106 particles/ml. The driving frequency was 
switched between 24.96 MHz and 27 MHz, thus rearranging the trapped beads after 
each switch. Two kinds of couplants were used, medical ultrasound couplant (Z ≈ 
1.5 MRayl, Diagnostic Sonar Ltd., Livingston, UK) and cured Epofix (Z ≈ 
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3 MRayl). The estimated maximum forces on the analysed particles at different input 
voltages are shown in Fig. 7.16. The forces were not analysed for the experiments 
with input voltage above 5 Vpp, because strong streaming effects were found in those 
experiments. Fig. 7.16 shows that an estimated force around 10 pN can be generated 
with 5 Vpp input, corresponding to a pressure of 0.048 MPa calculated with 
Eqn. 3.18. The force does not have the expected quadratic relationship with the input 
voltage. This may have been caused by missing the actual maximum radiation force 
during the force analysis. It was also found that similar force amplitudes were 
achieved with the two different couplants. This is thought to be because the resonant 
frequency changes depending on the couplant in use and the performance of the 
SPR-Capillary device is extremely sensitive to the drive frequency, as discussed in 
Section 6.2.2.  
 
Figure 7.16 The estimated maximum acoustic radiation forces on Ø10 µm fluorescent 
polystyrene beads at different input voltages. 
Cell Manipulation Evaluation 
The evaluation of the SPR-Chamber device in cell manipulation was performed by a 
collaborator in Sonotweezers project at the College of Life Sciences, University of 
Dundee. The experimental procedure and cell handling are described in Appendix F. 
Dicty cells in buffer fluid with a concentration of approximately 106 cells/ml were 
used (Hughes et al., 2012). The transducer was driven with a 24.6 MHz sinusoidal 
CW signal at 10 Vpp to establish the USW across the capillary. Image sequence of 
the cells was recorded with and without the presence of USWs across the capillary, 
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with 30 min for each condition. The movements of the Dicty cells inside the 
capillary were tracked and plotted as polar plots, where the starting point of each cell 
track was shifted to a common origin position, as shown in Fig. 7.17.  
 
Figure 7.17 Polar plots of cell motility inside the SPR-Capillary device (a) without and 
(b) with the presence of USW. Arrows indicate the direction of ultrasound propagation. 
Scale bar = 100 µm. (Hughes et al., 2012) 
In the absence of USWs, Fig. 7.17 a, cells moved in a fully random walk, producing 
a set of cell tracks migrating away from the centre of the polar plot approximately 
uniformly in all directions. In the presence of USWs, Fig. 7.17 b, the polar plot 
exhibited a slight bias in motion along the pressure nodal lines, perpendicular to the 
direction of the ultrasound propagation. It is believed that the cells were constrained 
along the pressure nodal lines by the acoustic radiation forces. It can also be seen 
that the cells were still able to move perpendicular to the pressure nodal lines, which 
verified that the acoustic radiation forces were much lower than the nN-scale forces 
produced by adherent migration. It is expected that there will be more substantial 
effects on motile cells if the acoustic radiation forces are increased. 
7.2.3 SFR 
Manufacture and Electrical Impedance Spectroscopy 
The SFR transducer was fabricated by dicing a 4 MHz PZ26 ring (OD = 6 mm and 
ID = 5 mm) into four equal circumferential pieces. The height in the elevation 
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direction was 1.5 mm. After wiring the rear side, the quarter-ring was backed with 
the GMB-loaded Epofix (mass ratio K1-GMB:Epofix = 1:9), to support the 
piezoelectric element, as shown in Fig. 7.18 a. The impedance spectrum of the 
fabricated transducer was measured in water, as shown in Fig. 7.18 b, and the 
resonant frequencies and their corresponding impedance magnitudes are listed in 
Table 7.1 and compared with the PZFlex modelling results (Fig 6.18). The 5th 
harmonic resonant frequency was about 20.5 MHz with a magnitude close to 50 Ω. 
As can be seen, the experimental resonant frequencies were generally lower than the 
modelled results. This is attributed to (1) the Ag epoxy used for the interconnection 
on the rear surface of the quarter-ring, which was not modelled, and (2) the 
inaccuracy in the parameters of curved PZ26 used in the model, e.g. poling 
directions and ignored electrode layers.  
 
Figure 7.18 (a) A fabricated PZ26 quarter-ring focused transducer with GMB-loaded-
Epofix backing, and (b) the impedance magnitude and phase of the transducer measured in 
water. 
Table 7.1 Comparison of the experimental and PZFlex modelled resonant frequencies 
and impedance magnitudes 
 Fundamental  3rd Harmonic 5th Harmonic 
Frequency 
(MHz)  
Magnitude 
(Ω) 
Frequency 
(MHz) 
Magnitude 
(Ω) 
Frequency 
(MHz) 
Magnitude 
(Ω) 
PZFlex 3.9 232 13.5 109 22.5 74 
Experimental 3.4 264 12.2 102 20.5 46 
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Microparticle Manipulation  
A microparticle manipulation experiment was performed with the SFR with Ø10 µm 
fluorescent polystyrene beads (Polysciences Inc., Warrington, PA). A petri dish was 
added in a small volume of mixture of the beads and degassed water (beads 
concentration approximately 107 particles/ml), and then filled with more degassed 
water. The transducer was fixed on an XYZ stage and placed 2.5 mm away from a 
glass petri dish, ensuring the focal point of the transducer field was located at the 
front surface of the glass. The polystyrene beads were allowed to settle on the glass 
before the experiment. The transducer was driven with a 10 Vpp CW sinusoidal 
signal at the fundamental resonant frequency of 3.4 MHz. The motion of the 
particles was recorded with a frame rate of 10 fps.  
To observe the detailed motion of the particles, the transducer was positioned above 
many large, settled particle agglomerates before it was turned on. Once the 
transducer was turned on, one of the particle agglomerates, positioned at the focal 
spot of the quarter-ring transducer and denoted as 1 in Fig. 7.19, was rapidly divided 
into three parts because of the acoustic radiation forces. The middle part of the 
agglomerate was concentrated, while the two side parts, denoted in square boxes, 
were pushed away from the middle part, as shown in Fig. 7.19. These results 
correspond to the velocity fields predicted in PZFlex, Figs. 6.19 and 6.20, in Section 
6.2.3.  
 
Figure 7.19 Image sequences of the acoustic radiation forces acting on the agglomerate 
at the focal spot of the SFR transducer. Scale bar = 100 µm. 
  
Chapter 7 
162 
After the agglomerate was trapped and concentrated, the SFR transducer was moved 
at a constant speed in the direction of the positive X-axis, and the trapped 
agglomerate followed, as shown in Fig. 7.20. During the transportation of the 
trapped agglomerate, the other settled agglomerates (denoted as 2 and 3 in Fig. 7.20) 
were driven towards the trapping site, eventually forming a larger agglomerate.  
 
Figure 7.20 Image sequences of the transportation of the trapped agglomerate by 
moving the SFR transducer in the direction of X-axis. Scale bar = 100 µm.  
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Cell Manipulation Evaluation 
As with the SPR-Chamber device, the evaluation of the SFR device in cell 
manipulation was performed by the collaborator in the Sonotweezers project at the 
College of Life Sciences, University of Dundee (Hughes et al., 2012). The setup is 
shown in Fig. 5.17, and the experimental procedure and cell handling are described 
in Appendix F. The SFR device was driven with 8 Vpp CW sinusoidal signals at the 
20.5 MHz 5th harmonic resonant frequency of the SFR transducer. The prepared 
Dictys cells of 106 cells/ml concentration in KK2 buffer fluid were added and 
allowed to adhere to and migrate freely around a petri dish. The captured images of 
the cells during the experiment are shown in Fig. 7.21.  
 
Figure 7.21 Image sequences of the formation of an agglomeration of cells in the SFR 
device. The diameter of circle at the top-left corner of each image is 10 µm. The filled circle 
denotes that the SFR device was turned on. 
As can be seen in Fig. 7.21, once the SFR transducer was turned on, an 
agglomeration of cells was formed in suspension. When the transducer was turned 
off, the agglomeration dropped onto the petri dish and the cells regained normal 
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motility. The size of the agglomeration increased slowly in the first 30 seconds and 
was then maintained. The reason may be because the cells actively maintained their 
shapes and positions through their active actin cytoskeleton reacting against the 
acoustic radiation forces. It can also be seen that the agglomeration was formed 
mostly by the suspended cells and only partially by the adhered cells on the petri 
dish, as higher cell motility forces can be generated when the cells adhere to the petri 
dish. Therefore, this configuration has some potential to measure the viscoelastic 
properties of cells and / or the adhesion forces of cells to a substrate. 
7.2.4 Discussion 
The planar LNO transducers used in the SPR-chamber and SPR-capillary devices 
were able to a maximum vibration amplitude of 50 pm at 30 mVp input and an 
acoustic pressure response of approximately 0.04 MPa/Vp. The maximum acoustic 
radiation force on a Ø10 µm polystyrene bead was estimated as 44.9 pN in the SPR-
chamber device with an input of 10 Vpp. This result agrees well with the KLM-ITM 
modelling result of 46.7 pN with water thickness of 1.92 mm and Q-factor of 100, 
corresponding to a USW pressure amplitude of 0.142 MPa, Fig. 6.6. If the thickness 
of the water layer was reduced in future work, higher acoustic radiation forces could 
be achieved, e.g. 1 nN with a 100-µm thick water layer, according to Fig. 6.6.  
For the SPR-capillary device, the maximum force was estimated to be around 10 pN 
with a 5 Vpp input voltage, corresponding to a pressure of 0.048 MPa, calculated 
from Eqn. 3.18. This is relatively low compared with the FEA results, > 0.5 MPa/Vp, 
with substitution of a PZ26 transducer in the device. The reasons are thought to be 
two-fold: (1) the output pressure from the LNO transducer was attenuated 
approximately -3 dB at the operating frequency of 24.9 MHz, inferred from Fig. 7.5, 
and (2) the high sensitivity of the device to the drive frequency, thus leading to the 
frequency of the highest response being missed during the experiment. When the 
capillary was replaced, small frequency shifts in the range between 24.6 to 
25.2 MHz were observed to achieve the best performance of the device, because of 
different couplant thicknesses and variation in capillary dimensions (Hammarström 
et al., 2010). This therefore brought more difficulty in the selection of the operating 
frequency in practice. All these issues result in weak acoustic radiation forces, thus 
showing only slight bias of cell motility along pressure nodal lines, Fig. 7.17, with 
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streaming easily disturbing the trapping lines, Fig. 7.15. Therefore, two strategies 
can be adopted to improve the performance of the SPR-capillary device: (1) to 
fabricate transducers with a resonant frequency of 24.9 MHz, and (2) to operate the 
device with rapidly modulated frequencies as reported previously (Manneberg et al., 
2009).  
In the cell experiments with the SPR-capillary device, it was found that after keeping 
the cells in the operating device for a while, they started to lose their vitality and had 
rounded appearances, though they were not necessarily dead. They therefore became 
much more easily manipulated towards the pressure nodes of the USW, as shown in 
Fig. 7.22. While Dictys cells thrive at room temperature, approximately 22°C (Fey et 
al., 2007), the +5.6°C temperature increase in the SPR-capillary device shown in 
Fig. 7.14, can easily result in a loss of cell vitality. 
 
Figure 7.22 Dictys lost vitality and lined up in a USW field after long operation. 
(Hughes et al., 2012) 
The SFR device utilised a different approach to increase the acoustic radiation force, 
and showed an ability to manipulate microparticles and cells at its fundamental and 
5th harmonic frequencies. By mechanical shifting the transducer with the assistance 
of a motion stage platform, trapped objects can be moved simultaneously, Fig. 7.20. 
Compared to the experimental setup of the SPR-chamber and SPR-capillary devices, 
the lateral optical access of the SFR chamber was restricted, so the axial radiation 
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force could not be estimated as in Fig. 7.9. However, by analysis of the fluorescent 
levels of the Dictys cells, it can be determined if the cells are pulled away from the 
petri dish because of the radiation forces, as reported elsewhere (Hughes et al., 
2012).  
 
7.3 1-D Array Lateral Manipulation Devices 
7.3.1 12-element Array Device Based on PZ26 Bulk Material 
Fabrication 
A schematic diagram of the kerfless array fabrication process is shown in Fig. 7.23. 
A 6 × 4 mm2 PZ26 plate was embedded in GMB-loaded Epofix (mass ratio S38-
GMB:Epofix = 1:3) to form the core of the multilayer resonator. The transducer and 
epoxy wafer was lapped to the specified thickness of 1 mm a PM5 Lapping and 
Polishing System, exposing the PZ26 on both the top and bottom surfaces of the 
wafer. After applying Ag paint electrodes, a printed circuit board (PCB) with 12 
signal tracks and a ground track was aligned with the 6 mm edge of the PZ26 plate 
and fixed to the back of the wafer. Conductive Ag epoxy was used to connect the 
transducer electrode with the conductive tracks on the PCB. The PCB was thinned 
earlier to minimize the amount of Ag epoxy required to make a good electrical 
connection. The elements of the kerfless array were then defined by scratch-dicing 
simultaneously the PZ26 plate, the Ag epoxy and the PCB to separate the electrodes 
with a MicroAce 66 precision dicing saw. Therefore, an array pitch of approximately 
500 µm was achieved. The ground electrode on the front face of the transducer was 
also connected to the PCB ground track with Ag epoxy. A 13-pin connector was 
soldered onto the PCB to connect the driving electronics. The fabricated array with 
PCB connector is shown in Fig. 7.24 a. A rectangular glass capillary (W3530, 
VitroCom, NJ, USA) with 6 × 0.3 mm2 internal cross section was centred over the 
piezoceramic plate, with the fluid channel axis parallel to the length of the array. The 
capillary was coupled to the array with glycerol and the two components were 
clamped together in a mechanical housing, as shown in Fig. 7.24 b.  
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Figure 7.23 Schematic diagram of array fabrication process. (a) GMB-loaded Epofix is 
cast onto a piezoelectric element and (b) lapped to the desired thickness. (c) Ag electrodes 
are painted on the plate surfaces and (d) connected to a PCB with conductive epoxy. (e) The 
array elements are defined by scratch-dicing. 
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Figure 7.24 (a) The back face of the fabricated array with PCB for electrical 
connections, (b) the assembled device in a housing with a capillary fluid channel 
 
Electrical Impedance Spectroscopy 
The electrical impedance spectrum of the fabricated array was measured in air 
through the 13-pin connector with the 4395A impedance analyser. The impedance 
magnitude and phase of each element are shown in Fig. 7.25. As can be seen, a 
relatively good uniformity of all 12 elements has been achieved with the fabrication 
process, although the elements near edges (Elements - 1, 2, and 12) show somewhat 
higher impedance magnitude than the others. This may have been caused by (1) the 
slight angular shift in the alignment between the PZ26 element and the PCB, (2) the 
potential for the end element dimensions to be different, (3) the different acoustic 
loading of these elements, and (4) the differing effects of end and middle elements 
on the electric field.  
The impedance magnitude of each element between Element-3 to Element-11 at the 
resonant frequency, 2.13 MHz, is approximately 168 Ω. Therefore, if three or four 
adjacent elements are connected and driven together, the impedance magnitude can 
be reduced to the vicinity of 50 Ω, giving better impedance matching to the driving 
electronics. The effective coupling factor of each element was calculated to be 
0.33 ± 0.01 with Eqn. 3.31. 
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Figure 7.25 (a) The impedance magnitude and (b) phase of the 12 elements of the array 
Microparticle Manipulation Evaluation 
The assembled 12-element Array Device was sent to the University of Southampton 
for microparticle manipulation experiments (Glynne-Jones, Demore, et al., 2012) 
following the experimental procedure given in Appendix F.  
Before the experiments, the impedance spectra of the array elements in the 
assembled device were measured with a C60 impedance analyser (Cypher 
Instruments Ltd., London, UK). The resonant frequencies of the most of elements 
are around 2.399 MHz with impedance magnitudes in range of 335 – 358 Ω (Ye, 
2011). The effective coupling factors of those elements are calculated to be ~0.146. 
Similarly to the simulated results, the shift of resonant frequency and the increase of 
the impedance magnitude are because of the other layers are coupled on the 
transducer array. A mixture of Ø10 µm green-fluorescent polystyrene beads 
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(Polysciences Inc., Warrington, PA) and water was used. Two adjacent elements of 
the array were driven together at 17 Vpp 2.475 MHz CW signal. The fluorescent 
beads were observed and their motion in the capillary was recorded through an epi-
fluorescence microscope. 
Once the driving signal was applied to the array elements, the beads moved quickly 
to the pressure node in the channel due to the acoustic radiation force in the Z-axis 
direction. An agglomerate of beads then formed above the common centre of the 
active elements due to the lateral radiation force resulting from the kinetic energy 
gradient. Once the particles were agglomerated, they were moved along the channel 
by altering the connection to the active pair of elements. Fig. 7.26 shows a bead 
agglomerate of approximately 500 µm length moving along the channel, when the 
active elements are shifted in the same direction along the array. During the 
transportation of the agglomerate, only very little leakage of particles from the 
agglomerate was observed, indicating that the beads were well trapped laterally 
without any strong effects from the subsidiary trapping points. 
 
Figure 7.26 Microscope images of an agglomerate of Ø10 µm fluorescent polystyrene 
beads moved along the length of the capillary by altering the activated elements in the array. 
(Glynne-Jones et al., 2012)  
The maximum vertical levitation force on an individual bead was estimated by 
balancing against gravity and buoyancy forces. With a single bead trapped laterally, 
the driving voltage was reduced until the bead dropped out of the focal plane of a 
microscope objective, the experiment procedure was reported in (Glynne-Jones, 
Demore, et al., 2012; Lei et al., 2013). A voltage of 0.68 Vpp was measured, 
corresponding to a force of 0.28 pN, which is calculated by Eqn. 3.37. Assuming a 
linear system, the pressure magnitude is proportional to the driving voltage, and 
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therefore the force is proportional to the square of the applied voltage. Therefore, a 
voltage of 17 Vpp would give a vertical acoustic radiation force of approximately 175 
pN.  
Because the maximum velocity of single bead during the formation of bead 
agglomerates was measured to be approximately 16 µm/s (Ye, 2011), the estimated 
maximum lateral radiation force on the bead can be calculated as 1.51 pN using 
Stokes drag force, Eqn. 3.38. The discrepancy between the lateral and vertical forces 
is expected from their different relationships with the acoustic field, Eqn. 3.21. 
7.3.2 30-element Array Device Based on 1-3 PMN-PT Piezocomposite 
Fabrication 
A 1-D 30-element array was fabricated with a fabrication process similar to that 
shown in Fig. 7.23, but instead of using bulk PZ26, a 1-3 piezocomposite based on 
piezocrystal PMN-PT was used. The relevant dimensions and electrode arrangement 
of the piezocomposite and the 1-D array are listed in Table 5.1. A piezocomposite of 
30 × 30 pillars was fabricated from a 6 × 6 mm2 PMN-PT plate using the dice-and-
fill process. Epofix was used as the kerf filler. The fabricated piezocomposite was 
then embedded in GMB-loaded Epofix (mass ratio K1-GMB: Epofix = 1:9) and 
lapped down to a thickness of 486 µm, exposing both piezocomposite surfaces and 
achieving a resonant frequency of 2.45 MHz, as shown in Fig. 7.27 a.  
A flexible PCB (fPCB, Flexible Dynamics, Glasgow, UK) with 30 signal tracks and 
a ground track was carefully aligned to one edge of the embedded piezocomposite 
through a microscope, and then the fPCB was glued at the edge. Conductive Ag 
epoxy was used to connect the electrode tracks of the fPCB to the edge of the 
piezocomposite. After the Ag epoxy cured, Ag ink was applied on both sides of the 
piezocomposite, ensuring good electrode connectivity was achieved between the 
piezocomposite and the fPCB. A thin layer of Epofix was then moulded onto the Ag 
epoxy to protect it during the scratch-dicing process. A metal-bonded blade of 80 µm 
thickness was used to obtain a 120 µm electrode width for the array during the 
scratch-dicing process. The fabricated array with its PCB connector is shown in Fig. 
7.27 b.  
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A rectangular glass capillary (W3530, VitroCom, NJ, USA) with 6 × 0.3 mm2 
internal cross section was centred over the array elements. The capillary was coupled 
to the array with medical ultrasound couplant (Diagnostic Sonar Ltd., Livingston, 
UK) and the two components were clamped together in a mechanical housing, as 
shown in Fig. 7.27 c.  
 
Figure 7.27 (a) 1-3 PMN-PT piezocomposite embedded in GMB-loaded-Epofix, (b) the 
fabricated 1-D 30-element array, (c) the assembled device in a housing with a capillary fluid 
channel. 
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Electrical Impedance Spectroscopy 
The electrical impedance spectrum of each element of the fabricated 1-D 30-element 
array was measured in air with the 4395A impedance analyser. The impedance 
magnitude and phase of the 1-3 PMN-PT piezocomposite and all 30 elements of the 
1-D array are shown in Fig. 7.28.  
 
Figure 7.28 (a) The impedance magnitude and (b) phase of the 1-3 PMN-PT 
piezocomposite (No.0, blue curves) and all 30 elements of the 1-D array (No.1 – No.30). 
 
As can be seen in the impedance spectra, besides of the fundamental thickness 
resonant mode, another resonant mode at about 1.9 MHz can be observed, which is 
thought to be because Lamb waves propagating in the piezocomposite substrate 
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(Hayward and Hyslop, 2006). In the current context, the Lamb wave mode doesn’t 
affect the performance of the device because its frequency is far away from 2.5 
MHz, the frequency of interest. Similarly to the 12-element array based on PZ26 
bulk material, relatively good uniformity of all 30 elements has been achieved with 
the fabrication process, although Elements – 3, 15, 27 and 30 showed somewhat 
higher impedance magnitude and lower impedance phase than the other elements. 
This may have been be caused by the loss of the Ag epoxy connections of these 
elements after the scratch-dicing process.  
The impedance magnitudes of most of elements at their resonant frequencies are in a 
range of 2– 3 kΩ. The high electric impedance is caused by the small effective 
volume of PMN-PT in each element. It can be reduced to some extent if multiple 
adjacent elements are connected and driven at the same time and a further reduction 
may be achieved by additional electric impedance matching components in the 
driving electronic system.  
The effective coupling factor of the 1-3 PMN-PT composite was calculated to be 
0.41, which is much lower than the PZFlex result of 0.75. The unexpected low 
effective coupling factor may have been caused by (1) low VF, 25%, used in the 
piezocomposite. In contrast, 60% VF PMN-PT piezocomposites had experimental 
and modelled effective coupling factors of 0.66 ± 0.03 and 0.81 respectively (Qiu, 
2014), and (2) degradation of PMN-PT during the fabrication, e.g. epoxy curing or 
other processes involving elevated temperatures, and uncertain effects during dicing 
process. The discrepancy between the modelled and experimental results could also 
be caused by the inaccuracy in the parameters of PMN-PT used in the model, as 
variations of material properties exist because of differences in manufacturing 
batches, crystal growth methods, and material characterisation methods.  
 
Microparticle Manipulation Evaluation 
Within the Sonotweezers research group at the University of Dundee, the device was 
handed over for performance evaluation of microparticle manipulation. An in-house 
system based on field programmable gate array (FPGA) electronics was used to 
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control the activation of subsets of the elements of the array during the experiment. 
The details of the electronic control system have been reported elsewhere (Wang et 
al., 2012).  A mixture of Ø10 µm green-fluorescent polystyrene beads and dried 
yeast cells in water was used (bead concentration ~ 2.7 × 105 particles/ml). The yeast 
cells were used to enhance agglomeration and reduce streaming effects during the 
experiment. The fluorescent beads were observed and their motion in the capillary 
was recorded through an epi-fluorescence microscope. The array was connected to 
the electronics with a ribbon cable. Subsets of three adjacent elements of the array 
were activated together with a 17 Vpp CW sinusoidal signal at 2.55 MHz.  
Once the driving signal was applied to the elements, the beads moved quickly to the 
pressure node and agglomerated above the common centre of the active elements. 
The maximum velocity of a single bead during the formation of bead agglomerates 
was measured to be approximately 21 µm/s (Zhang, 2013). Therefore, the lateral 
acoustic radiation force of an individual bead was calculated to be 1.98 pN by using 
the Stokes drag force, Eqn. 3.38.  
After the agglomerate formed, the subset of three elements was altered along the 
array in one element steps through the electronic control system. Fig. 7.29 shows an 
agglomerate formed by activating three adjacent elements of the array then 
transported along the length of the capillary channel by altering the active element 
subset of the array with one element step. During the transportation of the 
agglomerate, no leakage of beads from the agglomerate was observed, indicating that 
the particles were well trapped by the acoustic radiation forces and the strong 
particle and cell interaction forces.  
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Figure 7.29 An agglomerate formed by activating three adjacent elements of the array is 
transported along the length of the capillary channel by altering the activated elements with 
a step size of one element. Scale bar = 100 µm. (Wang et al., 2012) 
It can be seen that the length in the direction of x-axis is about 500 µm, which is the 
same as the effective pillar width of three adjacent elements. However, during the 
agglomerate transportation, the step size of the agglomerate is not uniform, but in the 
range 150 – 200 µm. Also, the positional shift in the y-axis direction is up to 50 µm. 
These effects are thought to be due to (1) the inhomogeneity of the ultrasound field 
caused by the differences in array elements and geometrical variation of the capillary 
channel, and (2) the misalignment between the capillary channel and the array 
elements, e.g. being not exactly perpendicular to each other. 
Streaming was observed during the formation of the bead agglomerates, Fig. 7.30, 
but the pattern was different from the Rayleigh and Eckart types streaming and 
related to the rotational component of active acoustic intensity caused by the 
capillary geometry (Lei et al., 2013). The streaming had a four-quadrant pattern with 
the circulation planes parallel to the transducer plane (XY-plane). The beads were 
driven rapidly towards the agglomerate (blue arrows on the x-axis) by the combined 
effects of this streaming and lateral acoustic radiation forces. Some of the particles 
became part of the agglomerate, and the remaining fraction was driven away from 
the agglomerate (blue arrows on the y-axis) and then affected by the side walls of the 
capillary, forming elliptical paths. 
 
Figure 7.30 A four-quadrant acoustic streaming pattern occurs during the formation of a 
beads agglomerate: (a) microscope image showing the original positions of the agglomerate 
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and other beads (bright green), and (b) the motion trajectory of the beads (red) effected by 
the streaming in 3 s. A set of three elements was active at 20 Vpp. Scale bar = 100 µm. 
7.3.3 Discussion 
In the fabrication of the 1-D array lateral manipulators, the scratch-dicing process 
proved to be an efficient way to interconnect many small elements. However, there 
are many remaining challenges in the fabrication, especially for the 30-element array 
device based on the PMN-PT piezocomposite, associated with the small features:   
• The weak adhesive strength of the Ag-epoxy after fine pitch dicing may 
result in the detachment of the fPCB from the substrate, and more likely 
cause poor electrical connection and high electrical impedance of some 
elements, e.g. 3, 15, 27 and 30 shown in Fig. 7.28.  
• The flexibility and bending of the thin but large substrate, e.g. 
0.48 µm × 30 mm × 30 mm for the 30-element array device, brought 
challenges in alignment and caused non-uniform element width. This can 
also result in different thicknesses of the couplant layer, leading to non-
uniform pressure distribution in the fluid layer, and a potential cause of the 
different steps in lateral manipulation shown in Fig. 7.29. 
• The VF of the PMN-PT piezocomposite was limited by the fabrication 
process and the dimension requirements of the device discussed in Section 
5.4.2, leading to a relatively low effective coupling factor. 
In the particle manipulation experiments, similarly to the SPR-capillary device, 
when the capillary was replaced, a small shift of up to 0.1 MHz around the expected 
2.5 MHz frequency was observed, but no significant changes in performance was 
noticed for both devices.  
A detailed comparison of the performance of the 12-element and 30-element devices 
is shown in Table 7.2. The estimated maximum lateral radiation force, FLAT, on a 
Ø10 µm polystyrene bead was calculated as 1.98 pN for the 30-element array device, 
which is about 30% higher than that for the 12-element array device. Moreover, by 
consideration of the effective volume of the piezomaterials and the mismatching 
electrical impedance in the active subset of the arrays, the PMN-PT piezocomposite 
  
Chapter 7 
178 
has proven itself to give much better performance than the bulk PZ26 in this 
application.  
Table 7.2 Comparison of the performance of 12-element and 30-element array devices 
 12-element array device 30-element array device 
Piezomaterials Bulk PZ26 
1-3 PMN-PT piezocomposite 
(25% VF) 
Effective coupling 
factor 0.33 0.41 
Effective element width 
(mm) ~ 0.4 ~ 0.1 
No. of active elements 2 3 
Drive frequency (MHz) 2.475 2.550 
Element |Z| at driving 
frequency (Ω) 335 ~ 358 2000 ~ 3000 
Voltage input (Vpp) 17 17 
Estimated maximum 
FLAT on a Ø10 µm 
polystyrene bead (pN) 
1.51 1.98 
 
 
7.4 2-D Matrix Array Manipulation Device 
7.4.1 Fabrication 
A PZT thick film 2-D matrix array with the same dimensions as the 3-D PZFlex 
model described in Section 6.4 was fabricated using a screen printing process to 
explore the potential for mass-manufacturing. The patterns of all the functional 
layers, i.e. the bottom Au electrode, PZT thick films, top Au electrode, dielectric 
insulation layer and Au electrode fan-out tracks, were designed individually with 
CAD software (Draftsight, Dassault Systèmes, France), and used in the manufacture 
of masks. The fabrication was carried out by Sonotweezers collaborators at the 
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Fraunhofer Institute for Ceramic Technology and Systems (IKTS), Dresden, 
Germany.  
A series of patterned thick film layers were screen-printed and sintered on an Al2O3 
substrate (99.6%, Rubalit 710, CeramTec AG, Germany) in a sequence including all 
functional layers from bottom to top. The fabrication process and the wafer after 
completing each layer are shown in Fig. 7.31. The 137 µm PZT layer (IKTS-
PZ5100, Fraunhofer IKTS, Dresden, Germany) was built up by repeated screen-
printing and sintering at 900 °C for two hours. The dielectric insulation layer, Au 
electrodes and electrode fan-out were sintered at 850 °C for 10 minutes. The 
fabricated array was poled with a 20 kV/cm DC electric field for one minute at room 
temperature. The residual porosity of PZT produced with this process is usually less 
than 10%. The measured dielectric constant and the dielectric loss are ε33T / ε0 = 
2250 ± 100 and tanδ = 0.09 ± 0.005 at 10 kHz, respectively. 
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Figure 7.31 Fabrication sequence for PZT thick film array: (a) completed bottom Au 
electrode on an Al2O3 substrate; (b) 36 elements of net-shape thick film PZT on top of the 
bottom electrode; (c) top Au electrode on top of the PZT; (d) dielectric insulation layer; and 
(e) final electrode fan-out interconnection layer. (Qiu et al., 2013)  
7.4.2 Electrical Impedance Spectroscopy 
The electrical impedance spectrum of each element of the fabricated transducer array 
was measured in air using the 4395A impedance analyser. The measured results 
from all 36 elements of the array are shown in Fig. 7.32. The measured impedance 
spectra show relatively good agreement with the results of PZFlex modelling, 
Fig. 6.29 c and d. Two main resonances are apparent at frequencies of 7.4 MHz and 
15.4 MHz. The lower frequency is the thickness-mode fundamental resonant 
frequency of the whole structure, including PZT, electrodes, insulation layer and 
substrate. The higher frequency is the 2nd harmonic of the thickness-mode of the 
whole structure. The screen-printing process has achieved good uniformity of the 
elements, though with small variations introduced by the different configurations of 
the dielectric insulation layer and electrode interconnection layer on the elements at 
different positions within the array, as shown in Fig. 7.33. However, because more 
layers will be added to the array to form a resonant structure, these small variations 
will have only a negligible effect during the operation of a resonant manipulation 
device, because the resonance is determined primarily by the thickness of the water 
layer. 
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Figure 7.32 Measured electrical impedance (a) magnitude and (b) phase of all 36 
elements of the 2-D thick film PZT matrix array 
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Figure 7.33 Electrical impedance magnitude of array elements grouped by the layer 
configuration and position in the array, denoted by shaded boxes. 
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7.4.3 Laser Vibrometry  
The vibration behaviour and deflection of the array were characterised using a 
scanning laser vibrometer (PSV 400, Polytec GmbH, Waldbronn, Germany) by 
collaborating staff at the Fraunhofer Institute for Ceramic Technology and Systems 
(IKTS), Dresden, Germany. A frequency range of 4 to 20 MHz was swept rapidly to 
collect the amplitude response of vibration from the areas on top of the PZT 
elements. The maximum amplitude peak appeared at a frequency of 7.425 MHz and 
another lower amplitude peak appeared at a frequency of 17.7 MHz, these 
frequencies being in good correspondence with the results from electrical impedance 
spectroscopy. The surface displacement profiles of the array were mapped with 
selected elements driven with a 10 Vpp continuous sinusoid at the frequency of 
maximum response f = 7.425 MHz, as shown in Fig. 7.34. The peak displacement is 
about 16 nm with a single element activated (Fig. 7.34 a), much larger than 6 nm 
with the four elements activated (Fig. 7.34 b). This was attributed to electrical 
impedance mismatch caused by the parallel connection, which drops the load 
impedance of the array significantly below 50 Ω.   
 
Figure 7.34 Vibration profile of the thick film array with (a) one element activated and 
(b) four elements activated with 10 Vpp CW sinusoidal signals at  f = 7.425 MHz. (Qiu et al., 
2013) 
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7.4.4 Microparticle Manipulation Evaluation 
Within the Sonotweezer team in Dundee, not only were the ultrasound devices 
designed and fabricated, but a driving electronics system was also developed (Wang 
et al., 2012). Subsequently, an undergraduate honours year project contributed to 
evaluation of the performance of the thick film devices in microparticle manipulation 
using the bespoke electronics (Bolhovitins, 2013). The particle motion videos 
generated from this project were analysed and are presented in this section.  
Two experimental configurations were used (Bolhovitins, 2013): one coupling the 
array to a fluid-filled bio-compatible glass capillary, similar to the set up used in the 
1-D array lateral manipulation devices and the other was coupling to a fluid cavity 
chamber and a reflector to form a resonant structure, similar to a set-up described 
elsewhere (Glynne-Jones, Boltryk, Harris, et al., 2010). Degassed water containing 
Ø10 µm fluorescent polystyrene beads (Polysciences Inc., Warrington, PA, USA) 
was used in both experiments. 
Using a glass capillary to form the resonant fluid layer, the feasibility of trapping 
with a single array element was evaluated. A rectangular glass capillary with 
6.0 × 0.3 mm2 internal cross section was coupled to the bare side of the alumina 
substrate with thin medical ultrasound couplant (Diagnostic Sonar Ltd., Livingston, 
UK). The electrical impedance spectrum was measured again and it was found that 
the fundamental resonant frequency had changed to 6.86 MHz, because of the 
resonance of the complete configuration. When an element under the capillary was 
driven with a continuous 3 Vpp CW sinusoid at this frequency, the microspheres 
were rapidly levitated by the axial primary radiation force (Z-axis) to the pressure 
nodal planes and slowly agglomerated in the centre above the active element by the 
lateral primary and secondary radiation forces (XY-plane) as shown in Fig. 7.35. 
Similar results were achieved for the other elements with the same drive conditions. 
Moreover, because ultrasound propagates faster in glass than in water, ultrasound 
leakage from the sidewalls of the capillary can also build up a standing wave in the 
water but with lower pressure. Therefore, the position of the trapped agglomerate 
can then be precisely tuned by shifting the frequency, causing changes in the 
pressure nodal distribution between the two sidewalls of the capillary (Kozuka et al., 
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1997). With this technique, the agglomerate was moved approximately ±140 µm 
away from the initial trapping site on the Y-axis, as shown in Fig. 7.36.  
 
Figure 7.35 Top-view image sequences of microspheres being trapped and agglomerated 
in the pressure nodes in the capillary. Scale bar = 200 µm. (Qiu et al., 2013) 
 
Figure 7.36 Top-view image sequences of manipulation of trapped agglomerate by 
shifting the driving frequency. Scale bar = 200 µm. (Qiu et al., 2013) 
Using the chamber-reflector setup, the feasibility of trapping with multiple array 
elements was evaluated. The chamber was formed with a Perspex gasket of 2 mm 
thickness and a glass slide of 0.1 mm thickness as a reflector, giving a thickness of 
the water layer of approximately ten times the wavelength in water. The measured 
resonant frequency of the whole arrangement was 7.26 MHz.  
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The four central elements were driven with a 7.6 Vpp CW sinusoid at the resonant 
frequency. When the elements were activated, four agglomerates were formed and 
trapped in the chamber, as shown in Fig. 7.37. A similar result was achieved by 
driving all 36 elements, but compared to the result with four elements activated, the 
radiation forces were smaller, took longer time to form agglomerates, and moved 
fewer beads to the trapping sites. This was because of the electrical impedance 
mismatch caused by the parallel connection. 
 
Figure 7.37 Trapping with four central elements: (a) experimental set-up and a 
schematic diagram of the resonant device, (b) a photograph of four trapped agglomerates, 
and (c) a microscope image of one of the trapped agglomerates.  (Bolhovitins, 2013; Qiu et 
al., 2013; Wang et al., 2012) 
7.4.5 Discussion 
The results of impedance spectroscopy showed excellent uniformity of thick film 
array elements has been achieved. The results of laser vibrometry and particle 
manipulation showed the screen-printed PZT array can generate substantial vibration 
displacement and acoustic power. As the PZT was built up layer-by-layer with 
screen printing, the PZT pilatelets have small round edges. Hence, in the current 
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design, the dimension of the top electrode on each PZT pillar was 0.3mm smaller 
than the pillar width to cancel the effect. Therefore, the effective PZT platelet size 
was designed to be 1.7 × 1.7 mm2. This may present a challenge in further 
miniaturisation of the device, but the introduction of an extra electrode layer between 
two screen-printed PZT layers may overcome this and increase the effective d33 
coefficient at the same time, achieving even better performance than bulk PZT 
(Harris et al., 2006).  
For the ultrasound transducer array, electrical impedance matching always plays an 
important role in energy transformation. In this proof-of-concept device, the array 
dimensions were optimised to achieve an approximate electrical impedance of 50 Ω, 
so that simple electronics could be employed for device operation. As a trade-off, the 
relatively large dimensions of the elements resulted in a lack of geometrical overlap 
of energy gradients between adjacent elements. Therefore it was not possible to 
transport particle agglomerates laterally by switching activated array elements, as 
suggested by FEA in Section 6.4. The solution is to reduce the element size of array 
and to activate multiple elements together during operation, using the technique 
demonstrated in the 1-D array devices. This can also improve the control precision, 
because activation of multiple elements and alteration in one element steps gives the 
most favourable and smooth lateral manipulation effect (Kozuka et al., 1997).  
In the microparticle manipulation experiments, streaming with patterns similar to 
those found in the 1-D array manipulator was observed when the experiments were 
performed with the capillary, however, very little streaming was observed in the 
chamber-reflector configuration. 
 
7.5 Conclusions 
The manufacture, characterisation and experimental evaluation of a total of six USW 
manipulation devices, three single-element high frequency ultrasound resonators, 
two 1-D ultrasonic array lateral manipulation devices and one 2-D thick film PZT 
matrix array manipulation device, were described in this chapter. The fabrication 
process for each device was reported and the associated issues met during the 
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development were highlighted and discussed. The results of the characterisation and 
experimental evaluation were also compared with the simulation results.  
The experiment results from the SPR-chamber device showed good agreement with 
the ITM-KLM models, and suggested 1 nN can potentially be achieved with the 
current configuration but with a thinner water chamber, e.g. < ~100 µm.  
The sensitivity of the SPR-capillary to operating frequency brought difficulty in 
obtaining the high pressure gradients that the FEA suggested, downgrading the 
performance of the device. Therefore, a new operating method of the device should 
be considered, e.g. with frequency-modulated ultrasound or automated frequency 
tracking.  
The SFR device showed the ability to manipulate micro-objects with increased 
acoustic radiation through its utilisation of focused ultrasound. In addition, the 
trapped microparticles or cells could also be moved laterally with the assistance of 
the motion stage platform. The preliminary results suggested the SFR configuration 
has potential in measurement of the viscoelastic properties of biological cells and 
their adhesion forces to other objects. 
The 1-D array lateral manipulators showed the feasibility of electronically controlled 
manipulation of microparticles and cells along a microfluidic channel, without the 
assistance of motorised stages. With a larger number of ultrasonic elements, better 
control flexibility of the micropaticle can be realised and more complex 
manipulation functions and applications can be implemented. Following the same 
concept, 3-D microparticle manipulation can be potentially realised by 2-D 
ultrasonic arrays. 
Through the development of a 2-D matrix array manipulator, screen-printing was 
demostrated to be a relatively simple process to fabricate 2-D ultrasonic transducer 
arrays with reasonable film quality and excellent reproducibility. It also carries the 
potential for bulk production of disposable devices for life sciences and healthcare 
applications, making it attractive for the commercialisation of acoustic tweezers.  
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Chapter 8 CONCLUSIONS AND OUTLOOK 
 
8.1 Conclusions 
The work presented here involved development of ultrasonic devices for micro-
particle and biological cell manipulation. Compared to the other major technologies 
used for cell and particle manipulation, introduced in Chapter 2, ultrasonic 
manipulation has shown excellent capabilities and flexibility in cell biology and 
analytical chemistry, with its advantages of versatile, inexpensive and easy 
integration into microfluidic systems, maintenance of cell viability, and generation 
of sufficient forces to handle cells with dimensions up to tens of microns and 
agglomerates of a large number of cells.  
Based on the fundamental theories of the acoustic radiation forces applied to objects 
subject to an USW field (Chapter 3), in total six ultrasonic manipulation devices 
were developed, using diverse materials (Chapter 4) with different methods (Chapter 
5) for different purposes. The relevant parameters of the devices were first studied in 
virtual prototyping (Chapter 6), and their behaviour and performance were predicted 
from the simulation results. The results were then compared with experiments 
(Chapter 7). The manipulation capabilities of the devices were demonstrated mainly 
with micropartiles, but with the expectation that cell manipulation would also be 
possible, straightforwardly for non-adherent cells and sometimes for adherent cells, 
e.g. Dicty cells. 
• To explore the feasibility of generation of high amplitude acoustic radiation 
forces for cell biology application: three single element high frequency 
ultrasound resonators were developed with different configurations, i.e. SPR-
chamber, SPR-capillary and SFR.  
• To extend precise manipulation to multiple dimensions: two kerfless 
ultrasonic transducer array integrated into multilayer resonators were 
developed and tested, realising precise lateral manipulation of microparticles. 
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• To simplify the manufacture of complex ultrasonic manipulation devices: 
thick film techniques were explored in a 2-D thick film PZT matrix array 
integrated into an ultrasonic manipulation device.  
8.1.1 Generation of High Amplitude Acoustic Radiation Forces 
According to the theory of acoustic radiation forces, Eqns. 3.18 and 3.21, acoustic 
radiation forces can be increased with two fundamental approaches: (1) increasing 
the operating frequency of USW manipulation devices to reduce the wave number, 
and (2) increasing acoustic pressure gradients by using focused ultrasound or simply 
driving the device with high electrical input.  
The 23 MHz high frequency ultrasonic transducers used in both the SPR-chamber 
and SPR-capillary devices were fabricated from Y-36º cut LNO of high Qm and TC. 
The results from laser vibrometry and acoustic pressure measurements on the 
transducers showed sufficient output can be generated for ultrasound manipulation, 
i.e. a maximum vibration amplitude of 50 pm at 30 mVp input, and an acoustic 
pressure of 0.04 MPa/Vp. The experimental results from the SPR-chamber device 
showed the maximum acoustic radiation force on Ø10 µm polystyrene beads was 
approximately 44.9 pN with a water thickness of approximately 2 mm at 10 Vpp 
input, corresponding to the KLM-ITM modelling result shown in Fig. 6.6. This 
suggested higher amplitude acoustic radiation forces, e.g. >1 nN, can be potentially 
generated in the same configuration but with a thinner water chamber, i.e. < 100 µm, 
thus further increasing the USW pressure gradients. The FEA results relating to the 
SPR-capillary device showed high pressure gradients can be generated, 
> 0.5 MPa/Vp, but the sensitivity of the SPR-capillary arrangement to operation 
frequency limited the performance of the device, generating much weaker acoustic 
radiation forces than expected, only 10 pN with 5 Vpp input. However, even with this 
weak acoustic radiation force, cell motility of Dictys was still somewhat constrained 
along the pressure nodal lines. Therefore, it is expected that more substantial effects 
on the motile cells can be realised by increasing the acoustic radiation forces, and 
subsequently the forces of cell motility can be evaluated.  
The FEA and experimental results of the SFR device showed the quasi-USW of high 
pressure gradient was formed between a PZ26 quarter-ring focused transducer and a 
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glass reflector. By operating the transducer at its 5th harmonic resonant frequency, 
20.5 MHz, higher radiation forces and smaller spacing of trapping sites were 
achieved. Precise lateral control over the trapped microparticles and cells was also 
demonstrated by mechanically moving the device. Moreover, the preliminary result 
of interaction between acoustic radiation forces and the Dicty cells also suggested 
the SFR configuration has a potential in measurement of the viscoelastic properties 
of biological cells and their adhesion forces to other objects.  
The self-heating of the ultrasonic devices brought concerns on the thermal effects of 
biological cells, e.g. the loss of cell vitality of the Dictys, and therefore limited the 
maximum electrical input of the device. The investigation of the temperature 
increase of USW devices under different driving conditions was carried out. The 
trend of the temperature increase and its close relationship to the excitation signal, 
Fig. 7.14, show potential in control and making use of the self-heating of transducers 
in long-term cell handling, and consequently generating higher acoustic radiation 
forces at large electrical input. 
8.1.2 Precise Ultrasonic Manipulation in Multiple Dimensions  
The feasibility of precise lateral control of microparticles in a microfluidic channel 
was demonstrated with ultrasonic transducer array integrated multilayer resonators. 
Thereby the restriction of conventional ultrasound manipulation devices can only 
manipulate particle in the direction of wave propagation was overcome with the 
controllable variation of acoustic energy distributions created by the transducer 
array. In this concept, 2-D (vertical and lateral) particle manipulation was realised by 
1-D transducer array integrated multilayer resonators operated at around 2.5 MHz, 
and potentially 3-D (vertical, lateral and orthogonal) particle manipulation can be 
realised by 2-D matrix array integrated multilayer resonators.  
Moreover, the use of 1-3 PMN-PT piezocomposite in one of the 1-D array 
manipulators took the advantage of high d33 and k33 of PMN-PT, giving a much 
better performance than the conventional PZT based 1-D array manipulator, as 
shown in Table 7.2. The experimental results from two different 1-D array 
manipulators showed that better control flexibility and precision can be realised with 
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larger number of ultrasonic elements with smaller size, hence allowing more 
complex manipulation functions and applications to be implemented. 
8.1.3 Manufacture of USW Manipulation Devices with Thick Film Technology 
The development of the thick film PZT-based 2-D matrix array manipulator took 
advantage of the relatively simple fabrication process and interconnection strategy 
given by the screen-printing technique. Characterisation results from the thick film 
PZT transducer array showed acceptable film quality and good uniformity of the 
elements were achieved. The assembled devices also demonstrated good 
performance in particle manipulation. Furthermore, the excellent reproducibility of 
the screen-printing technique offers the potential for bulk production of disposable 
devices for biological and medical applications, making it attractive for the 
commercialisation of USW manipulation devices.  
8.2 Outlook 
While the devices were developed and tested, an abundance of valuable information 
and knowledge was gained, leading to some recommendations for further work and 
opening up many opportunities for future research.  
8.2.1 Modelling 
The accuracy of simulation results depends strongly on the material properties used 
in simulation models. In this thesis, PZ26 parameters were substituted in the FEA of 
the devices that involved Y-36˚-cut LNO. Thus only general guidance for the device 
behaviour can be obtained before prototyping instead of relatively precise prediction 
of device performance. Therefore, it would be helpful to obtain the full piezoelectric 
properties of Y-36˚-cut LNO to improve the efficiency of device development.  
For the piezocrystal PMN-PT, although the complete elasto-electric matrix is 
available in many papers (e.g. Luo et al., 2010; Qiu et al., 2011; Zhang et al., 2008), 
differences in manufacturing batches, crystal growth methods, and material 
characterisation methods lead to variations in the properties in practical work. 
Therefore, the use of properties from any particular paper can bring inaccuracy to the 
FEA. The main purpose of the virtual prototyping reported in this thesis was to 
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predict the general behaviour of devices with the proposed configurations and 
dimensions and the inaccuracies noted in the material properties were thus 
acceptable. However, in future research, minor modifications of the material 
properties based on specific experimental measurements are recommended to 
achieve more accuracy in FEA. 
In the same vein, temperature changes can affect piezoelectric properties, as 
discussed in Chapter 3, especially PMN-PT (Qiu et al., 2011), leading to the 
degradation of overall performance of manipulation devices. In the simulations 
presented in this thesis, such changes have been neglected along with other non-
linear acoustic effects. In future, it would be advisable to consider the thermal 
behaviour of manipulation devices using FEA models, in order to predict the input 
power limitation of the device and the maximum radiation force that can be 
generated. 
8.2.2 Force Calculation and Calibration 
In this thesis, acoustic radiation forces were estimated in two ways but both have 
drawbacks which should be carefully considered, especially when the devices are 
used in applications that require accurate force estimation.  
(1) Balancing against gravity and buoyancy forces, Eqn. 3.37, involves reducing the 
excitation voltage of the ultrasound source until the trapped particle drops out of the 
focal plane of a high magnification microscope objective. The acoustic radiation 
force at any excitation voltage can then be calculated by assuming a linear 
relationship between the force and the square of the voltage. The main drawback of 
this method is the difficulty in determining the turning point of the force equilibrium 
caused by acoustic streaming effects and details of the experimental setup.  
(2) Estimation from the Stokes drag force, Eqn. 3.38, is valid because the time to 
achieve the force equilibration between the acoustic radiation force and Stokes drag 
force is on the order of 10-7 − 10-5 s in most microfluidic systems (Manneberg, 
2009). The method is also relatively easy because the particle velocity can be 
measured by different techniques. The main drawback is that the drag force must be 
corrected for the proximity of the trapped particle to any nearby surfaces, which is 
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sometimes difficult to measure accurately. By applying Faxen’s correction, KF, in 
Eqn. 3.38, the drag force can be rewritten as (Happel and Brenner, 1983; Svoboda 
and Block, 1994): 
6DF f r FF av Kπη=      (8.1) 
3 4 5
3 4 5
1
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h h h h
=
− + − −
    (8.2) 
where h is the distance away from the surface to the centre of a sphere representing 
the particle, and a is the radius of the sphere. As can be seen in Fig. 8.1, the effect on 
the estimated force can be significant when the distance from the nearby surface is 
comparable to the particle radius. 
 
Figure 8.1 Faxen’s correction relates to the relative proximity of the trapped particle to 
the nearby surface. 
8.2.3 Preliminary Results from Other Potential Devices 
2D crossed-electrode array 
The difficulty in fabrication of 2-D matrix array generally increases as, even with the 
thick film screen-printing technique, large numbers of array elements and moderate 
element sizes bring challenges in interconnections. For this reason, and similarly to 
the concept of the microelectromagnet matrix shown in Fig. 2.12, crossed-electrode 
ultrasonic transducer arrays theoretically allow control of C × R (number of Column 
× number of Row) elements at the electrode cross points, with only C + R signal 
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channels. During the preparation of this thesis, the feasibility of this approach was 
studied with PZFlex simulation, with the promising preliminary results shown in 
Fig. 8.2. Whilst CW operation may lead to excessive USW artefacts, particle 
manipulation can still work in burst-mode operation and independent control of 
multiple trapping sites should thus be realisable by fast switching of active 
electrodes. The fabrication of kerfless crossed-electrode arrays is also relatively 
simple by using screen-printing techniques, as shown in Fig. 8.3; further work awaits 
appropriate electronics development. 
 
Figure 8.2 PZFlex simulation results of crossed-electrode arrays with different active 
electrode patterns, (a) one active row of elements, (b) one active element, (c) two active 
elements in the same row, and (d) four active elements. 
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Figure 8.3 Prototype screen-printed thick film crossed-electrode arrays: (a) array 
design and (b) fabricated array. 
Piezoelectric micromachined ultrasound transducers (PMUTs) 
As discussed in Section 5.2.3, PMUTs can overcome the frequency limitation of thin 
film PZT based devices by utilising the d31-mode and thus carry potential for 
ultrasound particle manipulation. This was investigated by collaboration with the 
Material Research Institute, Pennsylvania State University, USA (Gigliotti, 2013; 
Griggio, Demore, et al., 2012). The fabrication process of diaphragm PMUTs has 
been developed and prototype PMUT array devices have been made, as shown in 
Fig. 8.4.  
 
Figure 8.4 (a) A 4-inch wafer with multiple PMUT dies with different diameter 
diaphragms, (b) three PMUT arrays on one die, (c) each element of a PMUT arrays 
consisting of ten diaphragms, and (d) three packed devices. 
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The acoustic response of a 32-element Ø80 µm diaphragm PMUT linear array was 
evaluated through catch-mode and pitch-mode experiments with three commercial 
transducers (Transducer a: 30 MHz, Transducer b: 10 MHz, and Transducer c: 
45 MHz). Fig. 8.5 shows the pulse bandwidth results obtained from the experiments 
compared to the pulse-echo (P-E) result of the commercial transducers themselves. 
These preliminary results support further investigation of PMUTs in various 
applications, including ultrasonic particle manipulation. 
 
Figure 8.5 The pulse bandwidths of different PMUT array elements measured by  
(a) catch-mode and (b) pitch-mode experiments with commercial transducers. The elements 
of the array are denoted by “E” with an index number, e.g. E1 = element 1; 8E denotes 8 
adjacent elements connected. 
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Scientific research is boundless, but this thesis ends here.
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Appendix A 
Material Properties 
Density, ρ (kg/m3); Mechanical Q-factor, Qm; Longitudinal and shear speed of 
sound, vL and vS (m/s); Attenuation, αL and αS (dB/cm/MHz); Elastic stiffness 
constant, cij (1010 N/m2); Piezoelectric constant, eij (C/m2) and Related permittivity, 
εij (ε0). 
PZ26, PMN-PT and PZ5100 
Material ρ Qm c11E c12E c13E c33E c44E c66E 
PZ26 * 7700 2714 16.8 11.0 9.99 12.3 3.01 2.88 
PMN-PT † 8070 60 12.4 11.1 10.4 10.8 6.3 3.5 
PZ5100 * 6000 76 12.71 7.86 7.87 11.13 2.92 2.42 
Material e15 e31 e33 ε11S ε33S 
PZ26 * 9.857 -2.8 14.69 828 700 
PMN-PT † 8.7 -4.8 27.7 1340 910 
PZ5100 * 11.316 -1.704 15.99 1320 1475 
 
Y-36˚ LNO 
Material ρ  vL  tanδ Qm c33E c33D 
Y-36˚ LNO ¶ 4650 7260 0.003 10000 18.5 24.5 
Material h33 d33 e33 ε33T ε33S 
Y-36˚ LNO ¶ 13.4 18.2 4.47 41.9 37.6 
 
Passive materials 
 
Material ρ vL vS αL αS 
Epofix ‡ 1120 2630 1460 2.8 5.6 
Water § 1000 1490 0 0.002 0 
Air § 1.24 343 0 0 0 
Gold § 19700 3240 1200 0.4 1.2 
Silver § 10600 3600 1600 0.4 1.4 
Macor * 2520 5630 3260 0.25 0.8 
Alumina § 3920 10380 6219 1 3 
Glass § 2240 5640 2800 0.3 1 
Polystyrene * 1050 2400 1120 - - 
Glycerine * 1260 1900 0 - - 
Medical ultrasound couplant * 1010 1520 0 0.05 0 
Sonotech NDT gel * 1400 2640 0 0 0 
Dummy couplant 4352 4352 0 0 0 
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Note:  
(1) Other non-listed parameters are defined in the PZFlex material libraries;  
(2) The properties of passive materials are measured at the frequency of 1 MHz, unless 
particularly noted in the data sources. 
(3) Data sources: 
*: Suppliers 
†: DOI: 10.1111/j.1551-2916.2007.02190.x 
‡: DOI: 10.1109/TUFFC.2011.2137 
¶: DOI: 10.1109/TUFFC.2011.1984 
§: PZFlex material libraries, Weidlinger Associates Ltd., Fife, UK.  
  
  
Appendix 
219 
Appendix B 
Labview Program of 1-D Motorised Stage with DAQ 
 
(1) Oscilloscope control  
(2) Oscilloscope data recording  
(3) Oscilloscope waveform 
 
(4) Stage control  
(5) Stage position recording 
Note: The program is stored in the CD. 
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Appendix C 
List of PZFlex Programs in the Supplemental CD 
AC-1: SPR-Chamber Device 
AC-2: SPR-Capillary Device 
AC-3: SFR Device 
AC-4: 1-3 PMN-PT piezocomposite 
AC-5: 1-D Array Lateral Manipulation Device 
AC-6: 2-D Matrix Array Manipulation Device 
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Appendix D 
Fabrication Processes of SPR-Chamber 
 
1. Y-36° cut LNO wafer 
 
2. Lap the wafer down to 0.135mm to achieve frequency 25MHz. 
 
3. Paint one side with silver ink as electrode. 
 
4. Dice it to several 2 ×5 mm2 rectangle pieces. 
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5. 0.135 × 2 × 5mm3 LNO 
 
6. Connect the copper wire on the silver ink painted LNO with a drop of silver epoxy. 
 
7. Place the wire connected LNO into a PTFE mould and fix with UV tape. 
 
8. Fill in the GMB loaded Epofix (mass ratio = K1 GMB : Epofix = 6:1). 
 
9. After 12 h, take off the mould. 
 
10. Deposit Ti/Au (30nm / 50nm) electrode on the front face of transducer, and use 
silver epoxy to connect ground wire. 
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11. Lap, polish and dice spacers and reflector (Macor) to required dimension. 
(Process omitted) 
12.  Use super glue to bond the cleaned microscope slide with transducer. 
 
13. Put the slide on hot plate (80 °C), use small volume quartz wax to bond two 
spacers of 2 mm width besides the LNO transducer’s two sides. 
 
14. On the hot plate, use quartz wax to bond reflector on the slide 
 
15. Cool down the device and use 2% Agar to seal it carefully. 
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Appendix E 
Cepstral Analysis and Experimental Validation 
Cepstral analysis is a frequency analysis of frequency domain data (Childers et al., 
1977; Oppenheim and Schafer, 2004), which is well established as a signal 
processing method for removing echoes in speech recognition software (Oppenheim 
and Schafer, 2004), and of more relevance, there have been reports into its use for 
breast cancer detection from ultrasound images (Bige et al., 2006). Such techniques 
use a similar interpretation of the cepstrum as presented here. In the application 
presented here, the spectral impedance measurements are reduced to a new 
representation whereby the angular and axial displacement of the reflecting wall to 
the transducer are encapsulated as a single rahmonic (the cepstral equivalent term of 
a harmonic) peak, as shown in Fig.AE.1. 
 
Fig. AE.1 Diagram of the experimental procedure shows (a) an ultrasonic resonator is 
shown submerged in a water tank with the degrees of freedom of the transducer marked. (b) 
an electrical impedance spectrum is measured by an impedance analyser, (c) a cepstrum is 
calculated in Matlab. This cepstrum is annotated to show the rahmonics corresponding to the 
fluid chamber. 
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The power Cepstrum is calculated by taking the squared magnitude of the Fourier 
transform of the logarithm of the power spectrum, 
2(q) (log(S))C F=       (AE.1) 
where F() denotes the Fourier transform function and S is a one dimensional 
frequency domain data set. The resulting power cepstrum, C(q), is a data-set in units 
of quefrency and gamnitude, with rahmonic peaks corresponding to harmonic modes 
in the frequency data.  
AE.1 Experimental validation  
The experimental methodology of this work is represented diagrammatically in Fig. 
AE.1. An ultrasonic resonator was fabricated in which the dimensions and shape of 
the resonant chamber can be altered. As shown in Fig. AE.2, the transducer is 
mounted on a moveable block allowing three-axis manipulation relative to the 
aluminium reflector. The space between the transducer and the reflector forms the 
resonant chamber and is filled with water. 
 
Figure AE.2 Parametric acoustic resonator showing different configurations of angle and 
axial displacement. 
Calibrated electronic impedance data is recorded using an Agilent Network 
Impedance Analyser (4295A, Agilent Technologies, Berkshire, UK) connected to 
the transducer. Electrical impedance spectrum is measured for each of a variety of 
distances and angles between the reflector and the transducer. The photograph of the 
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setup was taken, as shown in Fig. AE.2, and then the axial and angular 
displacements were measured in the ImageJ. Electrical impedance data is exported 
and processed using Eqn. AE.1 in MATLAB (Mathworks, Massachussets, USA). 
The peak gamnitude and quefrency of the rahmonics relating to angle and axial-
displacement were analysed. Three sets of experiments were performed with three 
different initial axial displacements, i.e. 3.5, 4.0 and 4.5 mm. And each set included 
100 measurements with different angles. The results of the angular and axial 
dependence on the form of the cepstrum are shown in Fig. AE.3. 
 
Fig. AE.3 (a) Angular and (b) axial distance dependence on gamnitude and quefrency 
in cepstrum data.  
It can be seen that that there is a strong dependence on angle on the gamnitude of the 
rahmonic in Fig. AE.4.a. A maximum gamnitude of the rahmonic peak occurs when 
the transducer is parallel with the reflector. This is expected because, in the 
experimental setup, the planar acoustic waves will reflect normally and produce a 
strong standing wave. This results in the system being strongly resonant and causes 
large oscillations in the electrical impedance measurements. As the transducer 
becomes less parallel with the reflector, the gamnitude of the rahmonic drop sharply 
due to the breakdown of the standing wave. Several data points lie along the zero 
angle axis. These are a result of a combination of the resolution of the angular 
displacement due to the pitch of the thread of the screws in the device, and also 
quantisation of measurement of the angle in ImageJ. Moreover, Fig. AE.4.b shows a 
strong linear relationship between the location of the cepstrum rahmonics and the 
axial displacement between the transducer and the reflector. 
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AE.2 Application Evaluation 
To demonstrate the technique for the application of acoustic manipulation, the 
device was used to manipulate Ø10 µm fluorescent beads into pressure nodal lines of 
the resulting ultrasound standing wave between the transducer and reflector. Because 
the trapping performance of the planar ultrasound resonator is strongly depending on 
the parallelism between the transducer and reflector, thus the alignment status can be 
evaluated. The particle manipulation experiments were performed with different 
alignment methods, (a) microscope vitural alignment and (b) cepstrum-assisted 
alignment. The results are shown in Fig. AE.4. As can be seen in Fig. AE.4, the 
improved patterning of the beads with the cepstrum alignment technique is obvious.  
 
Figure AE.4 Trapping performances of a USW manipulation device after (a) microscope 
visual alignment, (b) cepstrum assisted alignment and their corresponding cepstrum. 
AE.3 Conclusions 
The results presented here demonstrate that real time cepstral analysis is a useful tool 
for characterisation of acoustic resonators. Through the parameters of the cepstrum, 
it is possible to measure the parallelism and width of an acoustic resonant chamber 
purely from electrical measurements taken at the acoustic source. The same 
technique can be used as a tool to align surfaces in an acoustic resonator without 
precise and difficult measurements. 
  
Appendix 
228 
Appendix F 
Cell Manipulation and Particle Manipulation of the 
Developed Devices in Sonotweezers Collaboration 
AF.1 Cell Manipulation Evaluation of SPR-Capillary 
Cell manipulation evaluation of the SPR-Chamber device was performed by a 
collaborator in Sonotweezers project, Dr. David Hughes, in the College of Life 
Sciences, University of Dundee. The detailed experiment procedure and cell 
handling are reported elsewhere (Hughes et al., 2012) and summarized here. An 
axenic strain of Dictyostelium (Ax2, Dictys) was used. Cells were cultured using 
standard protocols (Siegert and Weijer, 1989) in HL5 medium at density of 
2 - 4 × 106 cells/ml. Cells were then harvested and diluted to a concentration of 
106 cells/ml, washed, and suspended in a KK2 buffer solution for immediate use. 
Images of the cells were recorded every 10 s for 1 h using Micro-Manager without 
and with the presence of USWs across the capillary, with 30 min for each condition. 
The transducer was driven with a 24.6 MHz sinusoidal CW signal at 10 Vpp to 
establish the USW across the capillary. The movements of the cells inside the 
capillary were then tracked with a custom cell tracking software (Hughes et al., 2012) 
and plotted as polar plots, where the starting point of each cell track was shifted to a 
common origin position.  
AF.2 Cell Manipulation Evaluation of SFR 
Cell experiments were also performed by Dr. David Hughes in the College of Life 
Sciences, University of Dundee. The SFR device was driven with 8 Vpp CW 
sinusoidal signals at the 20.5 MHz 5th harmonic resonant frequency of the SFR 
transducer. KK2 buffer solution was put into the petri dish first. Then prepared 
Dictys cells (AX2 with a Myosin GFP tag, 106 cells/ml concentration in KK2 buffer) 
were added.  The cells were observed through an epi-fluorescence microscope. 
Fluorescent images were captured every second for 1000 frames using 
Micromanager software.  
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AF.3 Microparticle Manipulation Evaluation of 12-element Linear Device 
Cell manipulation evaluation of the SPR-Chamber device was performed by a 
collaborator in Sonotweezers project, Ms. Congwei Ye and Dr. Peter Glynne-Jones 
at University of Southampton (Ye, 2011). A suspension of Ø10.3 µm green-
fluorescent polystyrene beads (Polysciences Inc., Warrington, PA) in water was 
introduced in the capillary channel. A function generator (3320A, Agilent 
Technologies Inc., CA, USA) was connected to the array to drive two adjacent 
elements at the half-wavelength mode frequency of 2.475 MHz at up to 17 Vpp. The 
fluorescent beads were observed in the capillary through an epi-fluorescence 
microscope and their motion was recorded. The maximum vertical levitation force 
on an individual bead was measured “voltage drop” method (Lei et al., 2013). With a 
single bead trapped laterally, the driving voltage was reduced until the bead dropped 
out of the focal plane of a 50× microscope objective, giving a voltage of 0.68 Vpp. 
The maximum velocity of single bead during the formation of bead agglomerates 
was measured to be approximately 16 µm/s.  
  
 
